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Abstract
This thesis explores a novel methodology to fabricate three dimensional (3D)
metal-dielectric structures, and two dimensional (2D) graphite layers for emerging
metamaterials and graphene applications. The investigations we report here go be-
yond the limitations of conventional fabrication techniques that require multiple post-
processing steps and/or are restricted to fabrication in two dimensions. Our method
combines photoreduction mechanism with an ultrafast laser direct writing process
in innovative ways. This study aims to open the doors to new ways of manufac-
turing nanoelectronic and nanophotonic devices. With an introductory analysis on
how the various laser and chemical components affect the fabrication mechanism, this
dissertation is divided into three sections.
First, we present our work on fabrication of metal structures in two dimensions
with a focus on patterning silver crystals in a 2D array for plasmonic applications. We
analyze the composition and structure of the crystals and discuss the advantages of the
laser crystal growth procedure compared to conventional wet-chemistry techniques.
We establish that the addition of alcohol as a solvent aids in the 2D crystal patterning
process by promoting silver nanoseed growth.
Second, we describe our fabrication of 3D silver nanostructures in two different
iii
matrices: polyvinylpyrrolidone and gelatin. We analyze how different polymers can
give various structural and optical properties to the matrices. We show that we can
direct laser write more than 16 layers of silver structures embedded in a polymer
matrix.
Third, we perform a systematic study of a laser-driven reduction process of
graphene oxide to graphene by varying both the laser fluence and the pulse repetition
rate. We conclude that the reduction process has both thermal and non-thermal
components, and the fabricated 2D graphite patterns written using only non-thermal
mechanisms may produce higher quality structures.
Finally, in the appendix of this thesis, we describe a Z-scan method to further
probe the photoreduction mechanism important to both metal structure and graphene
writing and present preliminary results.
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Chapter 1
Introduction
Increasing number of novel materials and structures are being designed everyday
to revolutionize and engineer our future. New fabrication methods to complement
the development must be aligned with the design goals for actual realization of these
devices. We motivate this thesis by providing an introduction to some of the emerging
optical and electrical systems that exhibit extraordinary properties and discuss the
significance of developing new nanomanufacturing methods for rapid, cost-effective
and accurate prototyping.
1.1 Motivation
The dynamic nature of future optical and electrical systems generates novel materials
and structures that require a flexible material choice and high levels of integration,
especially in 3D. Photonic crystals, metamaterials and graphene based applications
are some of the interesting systems to look into.
1
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A photonic crystal is an artificial structure that exhibits a periodic variation of
dielectric constant of material [1–3]. Such structures have a similar effect on prop-
agation of photons, as the periodic variation of electric potential in regular crystals
on propagating electrons [1–3]. As a result a photonic bandgap - a frequency range,
for which the propagation of photons in a certain direction is forbidden, occurs [1–3].
Even though photonic crystals have been studied for a while, the development in the
recent 3D fabrication process enabled new types of 3D photonic crystals leading to
more exciting future applications [4–8]. Devices based on photonic crystals allow tai-
loring propagation of light in a desired manner and provide many fascinating physical
phenomena such as control of spontaneous emission, sharp bending of light, lossless
guiding, and tri-refrigence [1–8].
Metamaterials are artificial materials structurally engineered to provide prop-
erties that are not available in nature by interacting or controlling electromagnetic
waves [9, 10]. These materials usually gain their properties from their carefully de-
signed structures rather than their compositions [9,10]. Periodicity is often a typical
feature found in metamaterials, which consists of repeated unit cells containing one or
more conducting resonators [9–11]. However, unlike photonic crystals, a typical unit
cell size in metamaterials has to be much smaller than the free-space wavelength, so
that the metamaterial structure can be seen as homogenous from an electromagnetic
point of view [9–11]. Ever since the first reported actual experimental demonstration
of a metamaterial in the year 2000 by Dr. Smith and his colleagues [12, 13], more
complex and sophisticated designs of metamaterials have been developed with a focus
on negative refractive index metamaterials [11,14–23]. Negative index metamaterials
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(or left handed materials) raise the possibility of inventing super lenses that can have
a spatial resolution below the diffraction limit of the wavelength, and of creating in-
visible cloaks [11,14–23]. Negative refractive index is a property that is not found in
any naturally occuring material [11,24]. Almost all materials have positive values for
both permittivity (ε) and permeability (µ), except materials such as metals (ex. silver
and gold) that have negative ε at visible wavelengths and some magnetic materials
that have negative µ [24]. Refractive index n can be determined from equation 1.1:
n = ±√εµ, (1.1)
While normal materials possess both positive ε and µ and give a positive n value,
engineered metamaterials such as metamaterials can have ε < 0 and µ < 0, resulting
in a real n value. In this case, it is necessary to take the negative square root for n
which would give a negative refractive index, giving a unique property to metama-
terials [11, 25]. Therefore by precisely controlling gradients in both permittivity and
permeability, light propagation can be engineered to form advanced lenses (super-
lenses) and optics, or even invisibility cloaks [9, 10, 26]. Figure 1.1 is a summary
diagram for various materials and their refractive index.
Even though there has been many ground-breaking theoretical advances in re-
cent years, experimental advances for infrared and optical metamaterial devices have
been hampered by the difficulty in patterning metals in three dimensions (3D) at
the submicrometer scale [27]. Figure 1.2 shows some examples of complex metama-
terial structures that require a multi-component structure in 3D. Three-dimensional
(3D) nanofabrication is important for realizing various types of photonic crystals and
metamaterials. [14,27,28] Although various 3D designs that require metal and dielec-
3
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Figure 1.1: Summary diagram of refractive index properties of various ma-
terials. Adapted from reference [24].
tric components have been studied, a limited number of methods has been developed
that allow fabrication of these 3D nanostructures with limitations such as lack of
patterning capabilities and/or requiring many time-consuming steps [8,14,16,27–31].
ih
e
jgf
ba dc
Gold Silver Dielectric
Figure 1.2: Examples of complex 3D metamaterials. Adapted from reference
[27].
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Lastly, graphene based systems are also one of the most interesting developments
in the 21st century. Since its appearace in 2004 [32], graphene has gained immense
interest due to its extraordinary electronic, optical, thermal, and mechanical prop-
erties. It is believed to be the thinnest and strongest material ever found [33, 34]
and its optical properties, high surface area, and high capacitance allow graphene
to be used in various applications [33–35], such as graphene optics [36], field-effect
transistors (FETs) [37–39], photovoltaics and transparent electodes [40,41], microsen-
sors [42, 43], optical modulators [44], supercapacitors [45, 46], and even as graphene
metamaterials [47–50]. However, as in the photonic crystal and metamaterials case,
the main barrier to commercializing graphene-integrated devices is from a lack of
patternable fabrication method that is reliable, scalable and cost-effective [33,51].
New nanomanufacturing methods are critical for advances in nanoelectronics
and nanophotonics. This is critical for the progression of fundamental research as
well as in helping research move from the lab to commercial products. Fabrication
of next-generation devices will require techniques that produce patterned subwave-
length features in three dimensions while spanning large volumes to deploy advanced
materials as fast as possible, at a fraction of cost.
1.2 Aim
Our work starts from a basis that by investigating various chemistries and laser param-
eters to combine a photoreduction reaction with a femtosecond laser assisted direct
laser writing technique, we can fabricate complex nanostructures. Our goal is to de-
velop a new method of fabricating the next generation of materials, such as metamate-
5
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rials and graphene-integrated systems, and to realize and advance nanoelectronic-and
nanophotonics-devices. In this dissertation I aim to address:
1. The principles of a direct laser writing technique.
2. The critical difference with previous 3D fabrication methods that allows us
to fabricate 3D metal-dielectric structures, in a simple, reliable, and cost-effective
manner.
3. The unique properties of our fabricated matrices.
4. A systematic study on the fabrication process of graphene layers using a
direct laser writing technique.
We hope the investigations reported in this dissertation shed light on new ways
of realizing nanophotonics and graphene integrated devices in the future.
1.3 Organization of the dissertation
Chapter 2 gives an overview of the background principles and techniques that
are necessary for the understanding and motivation of this work. Specifically, it
focuses on explaining the need for an innovative system that can overcome previous
limitations in conventional fabrication techniques to realize complex systems in the
future.
Chapter 3 discusses the development of our direct laser writing method of 3D
embedded metal structures and 2D graphite patterns. It elucidates on the various
laser and chemical components and their roles in this new method.
Chapter 4 discusses the fabrication of 2D metal direct laser writing technique
with a focus on patterning 2D silver hexagonal crystals.
6
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Chapter 5 discusses the fabrication of 3D silver nanostructures that are embed-
ded in polymer matrices and gives examples of applications that are achievable with
this technique.
Chapter 6 studies the 2D fabrication technique of reducing graphene oxide films
to produce 2D graphite (graphene layers). A systematic study of the photoreduction
process of graphene oxide to graphene is conducted by varying both the laser fluence
and the repetition rate.
Chapter 7 summarizes the work contained within this thesis and discusses the
implications and potential directions for future research.
7
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Fabrication techniques for 2D & 3D
nanosystems
Advances in material nanofabrication are critical for the progression of basic research
as well as in helping research move from the lab to commercial products. Bottom-up
methods such as self-assembly, deposition, or wet chemistry can be used to make large
quantities of nanostructures in a cost effective manner but provide limited freedom
in the design of the structures. A top-down approach that involves micromachining
and lithography techniques can create complicated nanosystems with high resolution
but are often very expensive, very slow and are limited to two dimensions. These
drawbacks of conventional nanofabrication techniques make the task of manufactur-
ing new materials for future optical and electrical applications difficult. This chapter
discusses the conventional fabrication techniques that are currently widely used for
making metal/dielectric nanostructures, and graphene, which recently has been get-
ting a lot of interest due to its superior electrical and thermal properties. It concludes
8
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with a discussion of the importance of the innovative nanomanufacturing methods
that are discussed in the subsequent chapters.
2.1 Conventional fabrication techniques
Conventional lithographic techniques have been sufficient for traditional silicon based
2D technologies but may not be sufficient to fabricate complex three dimensional
structures. Three dimensional fabrication techniques that utilize the concept of self-
assembly, multiphoton absorption and ultrafast-laser micromachining have been sug-
gested and have been continuously studied [6, 7, 18,27–29,52–68].
2.1.1 Lithography methods
Photolithography is an inherently 2D fabrication technique that uses optical light
on a photo-reactive material with a mask to acquire patterned structures. It goes
through a series of steps: cleaning of the sample, spin coat of photoresist, alignment
of photo-mask, exposure to a light source, developing of the exposed or unexposed
area (depending on the type of photoresist), deposition of other materials if necessary,
etching to reveal the patterns, and finally removal of the remaining photoresist. It is
a well developed method with a fairly long history. However, due to the diffraction
limit of light, it is not an effective technique to create high resolution structures, and
problems such as limited aspect ratio and slanted side walls arise. In order to create
3D structures, these 2D structures can be repeatedly patterned and layered on top
of each other, but as feature sizes get smaller and smaller, alignment becomes very
difficult and time consuming.
9
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E-beam lithography is analogous to photolithography but instead uses a focused
electron beam to scan and directly write patterns to achieve a higher resolution.
A layer by layer stacking method can be used to fabricate 3D structures, but e-
beam lithography suffers from low throughput and also from complications during
the stacking process. Figure 2.1(a) shows a four-layer optical metamaterial fabricated
from repeated processes of e-beam lithography, spin coating of a space layer, and
careful alignment.
Focused ion beam (FIB) lithography, often also referred to as FIB milling or FIB
etching, uses a focused beam of ions (e.g., gallium) to sputter atoms from the surface
to create a structured pattern on the surface [22]. It is less time consuming compared
to the e-beam method and works best for single layer rapid prototyping [22, 69]. To
create 3D structures, FIB lithography can also be used in a layer-by-layer stacking
method, or when combined with other fabrication methods it can be useful in cutting
the 3D stack into prisms or other optical components [14]. Figure 2.1(b) shows a
negative index metamaterial prism fabricated from a layer-by-layer method combined
with FIB milling.
Nanoimprint lithography (NIL), often referred to as 3D stamping method, is
a molding technology for patterning deformable materials such as polymers. [70].
Patterns are transferred by mechanical deformation of the resist via a stamp rather
than a photo- or electro-induced reaction in the resist as in most lithographic methods,
and therefore the resolution of the technique is not limited by the wavelength of
the light source; rather, the smallest attainable features are given solely by stamp
fabrication [71]. NIL is great for single layer structures due to its high throughput,
10
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Figure 2.1: (a) A schematic diagram of one unit cell of a 4 layer-by-layer fab-
ricated metamaterial structure (left) and its scanning electron microscopy
(SEM) image (right) (b) An SEM image of a 3D fishnet NIM prism (left)
and a geometry diagram of the optical setup using the NIM prism (right).
21-layer fishnet structure made from layer-by layer e-beam deposition was
transformed into a prism using FIB milling. The inset image shows a mag-
nified view of the fishnet structure. Negative index of refraction can be
measured by determining distance d. Adapted from references [30] and [14].
allowing it to be suitable for large-scale production of nanoelectonics and optical
metamaterials [22, 71]. However, as in other lithography techniques, a layer by layer
stacking method needs to be implemented in order to incorporate other material
components (such as metal) or to create a multi-layered 3D structure [72, 73].
2.1.2 3D printing
3D printing, often also referred to as inkjet printing or direct writing, is an attrac-
tive alternative technique for 3D design and metallic electrode writing for printed
electronic and optoelectronic devices [74–77]. It uses a concentrated ink extruded
through a tapered cylindrical nozzle that is translated using a three-axis, motion-
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controlled stage. [74] With a sequential application of layers combined with computer
modeling, a complex 3D structure can be achieved. Figure 2.2 shows some of the
complex 3D structures that Lewis and her team fabricated [74–76]. However, the
resolution achieved in this technique is generally on the order of 100 µm [74, 78], it
only allows fabrication of completely interconnected structures (as in Figure 2.2(a))
and it requires a substrate to support the extruded ink (as in Figure 2.2(b)). Another
drawback of this technique is that synthesizing an ink that has the right viscosity
with high conductivity can be very challenging [77].
a
c
b
Figure 2.2: 3D printed structures from Jennifer A. Lewis and her team.
(a) SEM images of multilayer silver microelectrodes patterned with a 30-
µm nozzle. (b) An optical image of an antenna during the printing process.
(c) Optical images (top view) of a 3D array (left) and 3D periodic lattice
assembled from concentrated BaTiO3 nanoparticle inks deposited through a
100-µm nozzle. Adapted from [74], [75] and [76].
12
Chapter 2: Fabrication techniques for 2D & 3D nanosystems
2.1.3 Self-assembly
Unlike the methods discussed in previous sections, self-assembly is a bottom-up tech-
nical approach to fabrication that is easy and cost effective. It has been used to
prepare inverse opal photonic crystals [6] and optical and plasmonic metamateri-
als [52, 79] (Figure 2.3). It is an effective method to use various materials to create
composite structures. Gaps and pores of the structures can be filled with various
liquids and polymers, and can also be filled in with metals by chemical vapor deposi-
tion (CVD), atomic layer deposition (ALD), or electroplating [6, 29, 52]. However in
addition to the post processing steps to include other elements, it involves many steps
such as heat treatment, surfactant encapsulation, or drying, can lose stability when
exposed to high heat, and requires highly homogenous nanoparticles or well defined
block co-polymers as starting materials [6, 7, 29]. Also it is not a true 3D patterning
method and does not allow fabrication of arbitrary designs.
2.1.4 Direct laser writing
Direct laser writing (DLW) is similar to photolithography in a sense that it uses
photosensitive materials. However, direct laser writing does not require photomasks or
optical setups to achieve patterns but instead utilizes spatial confinement of the laser
beam to draw patterns by scanning the beam or moving the sample stage. Ultrafast
laser direct writing (multiphoton lithography) especially uses pulsed ultrafast lasers
to modify the refractive properties or induce photoreduction through nonlinear light-
matter interactions [53–57]. The materials to be patterned are transparent to the
laser wavelengths and the pulses are focused at arbitrary points in the bulk or at the
13
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a
b
c
Figure 2.3: (a) SEM images of three-dimensionally ordered macroporous pho-
tonic structure made from silica (left) and mercaptopropyl silica (right), (b)
3D gold metamaterial based on isoprene-block-styrene-block-ethylene oxide
blockcopolymer self-assembly. Left is a computer-simulated view of the single
gyroid structure and right is an SEM image of a fabricated gyroid metamate-
rial structure. (c) A trimer nanoparticle cluster plasmonic metamaterial that
shows magnetic dipole resonance. Plots show experimental and theoretical
s- and p-polarized scattering spectra for an individual trimer shown in the
inset. Adapted from references [6], [52] and [79].
surface of the substrates. Thus, devices can be patterned in three dimensions using
x-, y- and z-translation.
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2.1.4.1 Multi-photon / Two-photon polymerization
Multiphoton absorption (MPA) is the process in which two or more photons are
absorbed by an atom simultaneously or in a very short allowable time, thereby allow-
ing the same effects of the absorption process of a single higher energy photon [58].
Since the electronic transition in a material is driven by multiple photons simulta-
neously, the probability of MPA depends on the intensity of the light which leads
to absorptions only within a certain focal volume of the beam where the intensity is
the highest. Figure 2.4 shows single photon absorption vs. two photon absorption
using a fluorescent dye. Through this nonlinear absorption at the focal point, one
can initiate a polymerization process in a thick monomer layer to fabricate intricate
three-dimensional polymer structures. In contrast to conventional laser microfabrica-
tion techniques, such as ablation or nonlinear lithography on planar material layers,
this technique integrates both the multiphoton absorption process and the ultrafast-
laser micromachining process to allow direct laser fabrication of three dimensional
structures with feature sizes below the diffraction limit.
hν
hν
hν
S2
S0S0
S1
Figure 2.4: Fluorescence from a solution of rhodamine B caused by single-
photon excitation from a UV lamp (left) and by two-photon excitation from
a mode-locked Ti:sapphire laser operating at a wavelength of 800 nm (right).
Adapted from reference [60].
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However, most of the direct laser writing studies were done on polymer/dielectric
materials and are not suitable for various metamerial designs [59,60]. Many metama-
terial designs are based on metal/dielectric composites [18, 27], and therefore, incor-
porating metal compositions into a bulk dielectric medium is crucial. This typically
requires multiple time-consuming post steps such as removing the unnecessary poly-
mer, ALD, CVD, or chemical electroplating in order to add a metal layer onto the 3D
polymeric templates made with lithography, etching, printing, or two photon poly-
merization. Rill et al. were able to fabricate a 3D photonic metamaterial using a
DLW followed by CVD of silver (Figure 2.5(a)) [61]. Gansel et al. created gold helix
photonic metamaterial that acts as a broadband polarizer (Figure 2.5(b)) [28].
1 µm
1 µm
a b
Figure 2.5: (a) SEM images of 3D structures made with DLW and CVD. The
oblique views show structures that have been cut by a focused-ion beam after
fabrication to reveal the interior (rather than an edge). (b) SEM images of
3D structures made with DLW and gold electroplating procedure. Top two
images show focused-ion-beam (FIB) cut view of the interior before and after
the removal of the polymer by plasma etching. Bottom is a top-view image
revealing the circular cross section of the helices. Adapted from references [61]
and [28].
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In addition to the fact that it takes time-consuming post processing steps to cre-
ate metal/dielectric composite structures, direct laser writing of polymers can create
only continuous structures.
2.1.4.2 Direct laser writing of metal structures
A recently new application is to utilize multi-photon absorption (MPA) to create
metal or partially metal structures. This is especially important because 3D metal
structures open the door to applications in electrical circuits. There are basically
two ways to fabricate 3D structures that include metals. The first method is to use
selective post processing steps to deposit metals on pre-made polymer structures that
were created with MPA as explained in the previous section. The second is to use
MPA to directly deposit metal.
For direct deposition of metals by MPA, numerous chemistry methods [62–68].
These chemistries generally involve the photoreduction of metal ions dissolved in an
aqueous medium. Several 2D and 3D structures that were fabricated by Kawata and
his coworkers are shown in Figure 2.6.
This method allows only one-layer structures due to the lack of a supporting ma-
trix and the fabricated structures usually have a high surface roughness. Section 2.2
discusses our approach to resolving these limitations.
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a
b
Figure 2.6: Examples of 3D silver structures fabricated by MPA. (a) SEM
images of a free-standing silver pillar at an observation angle of 45 degrees
and silver line pyramids at an observation angle of 45 degrees. The insets
are a close up views from the side and the top. Fabricated by Cao et al.
(b) SEM images of a silver tilted rod and a silver cup on a glass substrate
fabricated by Ishikawa et al. Adapted from references [63] and [65].
2.2 Direct laser writing of 3D metallic structures em-
bedded in a dielectric matrix
Several techniques have been discussed in section 2.1 that allow for nanometer pat-
terning, but none of them have the required speed, cost, and versatility combination
required for prototyping metal-dielectric nanosystems. To resolve these limitations,
we develop a single-step method to fabricate disconnected 3D metallic nanostruc-
tures that are embedded in a polymer matrix. In this thesis, we present a new
chemistry method to overcome previous limitations, and we fabricate high-resolution
silver nanostructures in 3D using femtosecond laser direct metal writing. By utilizing
18
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nonlinear optical interactions between metal ions, chemical precursors, and femtosec-
ond pulses, we limit the metal ion photo-reduction process to a focused spot smaller
than that of the diffraction limit. This technique allows us to directly create metal
patterns inside a dielectric medium. No photoinitiators or complex molecules are
required for our process. Our work is further described in Chapters 4 and 5.
2.3 Conventional graphene fabrication techniques
Graphene, an emerging material, is a 2D single atomic layer of graphite. It is believed
to be the thinnest and strongest material ever found; and it has massless fermions
and extraordinary thermal and electrical conductivity [33,34]. Graphene is inherently
a planar one-atom-thick layer, and it has been shown that the electronic structure
rapidly changes with the number of layers, approaching the 3D limit of graphite at
10 layers [33, 80]. Only monolayer graphene and bilayer graphene can be considered
to be zero-gap semiconductors, and for 3 or more layers, the optical spectra become
increasingly complicated [32, 33, 80, 81]. Therefore, throughout this thesis, the term
“2D graphite” or “reduced graphene oxide” will be used to refer to the multilayer
graphene structure.
Recently, there has been an increasing amount of interest in ways of synthe-
sizing graphene for device applications [33, 34, 51, 82–84]. Currently, there are many
approaches to the synthesis of graphene and/or 2D graphite, including exfoliation of
graphite and deposition and growth techniques. This section discusses the advan-
tages and disadvantages of these various fabrication methods and concludes with an
emphasis on the need for a more reliable, scalable, and cost efficient technique.
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2.3.1 Liquid phase exfoliation
Liquid phase exfoliation is a cost-effective technique where graphene layers can be
easily acquired from dispersing flakes of graphite in a suitable ionic liquid medium
and by sonicating the solution [85–90]. Exfoliation occurs from a careful choice of
solvent whose surface energy is so well matched to that of graphene that exfoliation
occurs freely [88,89] and therefore no chemical reaction is involved. This decreases the
chance of the flakes turning into graphene oxides and therefore allows the production
of pristine graphene sheets. However since exfoliated graphene sheets are dispersed
in a liquid medium, the yield concentration is usually low and the dispersed sheets
need to be transferred to a desirable substrate for further use [86]. Also surfactants
or dispersing agents may required to inhibit coagulation or sheet restacking due to
Van der Waals forces. Careful handling is also required with the solvents [87,90].
2.3.2 Mechanical exfoliation
(Micro-) mechanical exfoliation refers to the “scotch tape method” in which a piece
of graphite is repeated peeled off using an adhesive tape [33]. This method is partic-
ularly useful for academic purposes since it generates pristine monolayer or few-layer
graphene, but it only yields small samples, is impossible to pattern, and is far from
commercial use. [32, 33,83]
2.3.3 CVD & Epitaxial growth
Monolayer or few-layer graphene can be grown by CVD from carbon precursors
[91–94] on metal substrates from epitaxial growth [95,96] on silicon carbide. Although
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large area production of graphene is possible, the costs are high and the high tempera-
ture and vacuum conditions associated with fabrication parameters cause complexity
in the process. Also, although a lot of research is going to search for various sub-
strates to grow graphene [92, 93], choice in substrates is very limited and difficulties
are encountered when transferring the produced sheets to other substrates for vari-
ous applications [51,83,86]. Although the exact quality of graphene fabricated using
these methods remains unknown, epitaxial growth creates materials through crystal
lattice matching and may offer better quality graphene sheets than other methods [33].
Likewise, these methods suffer from high cost and limited patternability.
2.3.4 Carbon nanotube unzipping
This method produces graphene structures by unzipping curved carbon structures
such as carbon nanotubes, cones, and fullerenes through methods such as electro-
oxidative chemical unzipping [97, 98], electrochemical unzipping [99], or by reactive
ion etching [100]. Chemically unzipped carbon structures go through oxidation during
the unzipping process and therefore have to go through a post processing reduction
step [97, 98]. The growth process of the curved carbon structures are not yet fully
understood, and due to limitations in size of these structures and scalability this is
also not a viable method for device fabrication [33,101].
2.3.5 Chemical reduction of graphene oxide
Graphene oxides can be made in massive amounts and through cheap and common
solution-processing capabilities and are widely used as an effective route to produc-
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ing graphene materials [51]. To acquire graphene oxides, first graphite oxide (a more
thick, bulk form of graphene oxide) is made by using a very cheap (modified) “Hum-
mer’s” method which uses a chemical mixture of flakes of graphite, sulfuric acid
(H2SO4), sodium nitrate (NaNO3) and potassium permanganate (KMnO4) [82]. Then
through a variety of chemical, thermal and mechanical methods graphite oxide can
be exfoliated or dispersed into single or a few layer graphene oxides [51, 82,102].
These thin layers of graphene oxides can be used as insulating sheets or can be
further reduced to graphene for electronic applications. Further reduction of graphene
is achieved chemically through the use of strong reductants (such as hydrazine or
sodium borohydride), thermally, or electrochemically [83]. This is a very cost effective
process with no limits on the choice of substrates. Figure 2.7 shows a schematic of
the whole procedure with a suggested structure of graphene oxide layer.
a
b
Figure 2.7: (a) A schematic describing the chemical reduction of graphene
process. (b) One possible structure of a graphene oxide. Adapted from
reference [51].
In addition to the fact that this is not a patterning method that can produce
arbitrary patterns of graphene layers, it has some other disadvantages; despite of the
extensive research, several models of graphene oxide are still being debated in the
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literature [83], and due to the use of harsh chemicals, substantial structural damage
occurs during the reduction process [82,102].
2.4 Direct laser writing of reduced graphene oxide
structures
In recent years, in addition to thermal and chemical reduction, photoreduction of
graphene oxides to fabricate graphene has emerged as an appealing process because
photoreduction does not rely on either high temperature or toxic chemicals [51]. In
addition to photolithographic techniques where patterned masks are used together
with a broad light source, photoreduction through focused laser beams can produce
patterned reduced graphene oxide (2D graphite) structures [51, 103–106]. Figure 2.8
shows some of the direct laser written structures. The advantage of this technique
is that it is reliable, scalable, cost-effective, and does not require the use of any pre-
defined patterned substrates. We extend our ultrafast laser direct writing expertise
to work on graphene oxide. Most of the previous photoreduction studies utilized
ultraviolet, Hg, or Xe lamps or continuous wave (CW) lasers [51, 103–105]. It is
possible that these reduction mechanisms resulted from thermal effects and/or linear
absorption. Only a few works were done with an ultrafast laser [51, 104, 106], which
suggests the possibility that reduction of graphene oxide may occur through nonlinear
interactions. By lowering the laser repetition rate down to 10kHz, we study graphene
oxide reduction through nonlinear absorption.
In Chapter 6, we present our work on studying direct laser writing of 2D
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Figure 2.8: (a) SEM image of a laser reduced spot by a 532-nm CW laser (left)
and a spatially resolved map of the Raman 2D band, which is a characteristic
Raman signal for graphene structures (left). (b) Optical microscopy images
of reduced and patterned GO films. Adapted from references [104] and [106].
graphite with various laser parameters. We perform a systematic study of the reduc-
tion process of graphene oxide to graphene by varying both the laser fluence and the
repetition rate. We expect that the production of cheap graphene oxide films cou-
pled with laser lithography may offer a preferred route to generate very large-scale
graphene integrated devices in the future.
2.5 Summary
Fabrication of next-generation photonic and graphene devices requires techniques that
produce patterned subwavelength features freely in 2D & 3D while spanning large
volumes. The bottleneck in experimental development is due to the state of current
nanofabrication techniques, which are limited in scope, resolution, or dimensions in
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key ways.
For photonic device fabrication, conventional lithography techniques can provide
the high resolution required for applications such metamaterials but is fundamentally
two-dimensional. Efforts to extend such techniques to three dimensions via layer-by-
layer fabrication are typically limited by low throughput, high cost, and the difficulty
of producing more than a few layers. Self-assembly techniques can produce high-
quality, large volume metamaterials; however, this approach lacks 3D partternability
and is very limited in the types of design that can be fabricated. As a solution to
this problem, femtosecond laser-writing techniques have been steadily improving to
provide high resolution fabrication of complex 3D patterns but have been mostly
focused on polymer based metamaterial structures.
For graphene device fabrication, finding reliable fabrication methods is still an
ongoing challenge. Exfoliation techniques can give high quality graphene sheets but
are limited by very low throughput and cannot produce patterns required by devices.
Chemical reduction techniques are cost-effective and scalable but generate structural
and chemical defects, leading to lower quality graphene sheets.
We explore innovative ways of fabrication by combining photoreduction mecha-
nism with an ultrafast laser direct writing process. By clever choice of chemistry, we
can fabricate metallic nanostructures that are patterned and embedded in a dielectric
matrix. From a systematic study with various laser parameters we achieve a more
efficient reduction process of graphene oxide to graphene. More detailed explanation
can be found in the following chapters.
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Fabrication parameters and
mechanism
Ultrafast-laser micromachining allows for 3D fabrication of structures much smaller
than the diffraction limited laser spot size in various media. Under a linear regime, the
medium does not absorb light at the operating wavelength of the laser. However, using
ultrafast pulses, we can obtain material modification or induce chemical reactions
through non-linear absorption. This chapter discusses how we utilize an ultrafast
laser with selected chemistry to fabricate metal-dielectric systems and 2D graphite
patterned structures.
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3.1 Direct laser writing of 3D metallic structures in
a dielectric matrix
We analyze how various laser parameters and chemistries affect the fabrication process
of 3D metallic structures in a dielectric matrix.
3.1.1 Role of the laser
Ultrafast lasers are used broadly to refer to pulsed lasers with pulse duration on the
order of a picoseconds or less. Due to the short pulse duration, a very high peak power
can be generated, which leads to nonlinear light-matter interactions that initiate the
metal fabrication process through photoreduction.
3.1.1.1 Photoreduction by nonlinear absorption
As explained in Chapter 2, multiphoton absorption (MPA) is a process where two
or more lower-energy photons are absorbed by an atom simultaneously or on a very
short time scale. This allows the same effects as absorbing a single higher energy
photon while the bulk of the sample remains transparent to the light source. While
multiphoton absorption can initiate a polymerization reaction as in a two photon
polymerization process, it can also excite an electron to be used in a chemical re-
duction process. A double bond is comprised of a stronger sigma (σ) bond, and a
weaker pi (pi) bond that allows an easy excitation of an electron from a bonding state
to an anti-bonding state through light absorption. Chemical reduction is a process
where an electron deficient positive ion receives electrons to turn into a neutral- or
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negative-charged state. By using a polymer that has plenty of double bonds, such as
polyvinylpyrrolidone (PVP), lasers can initiate a process where these double bonds get
excited and transfer electrons to positively charged ions in the surrounding medium.
By using ultrafast lasers, such as a femtosecond laser, we can prohibit linear absorp-
tion in the bulk of PVP but induce nonlinear absorption for photoreduction only in
a minimal volume, where the laser is most focused, providing temporal and spatial
confinement of photons.
During the laser writing process, silver ions are reduced and form silver struc-
tures in the focal volume of the pulses. This process is limited to a small volume
where the laser is most intensely focused, which allows the fabrication of structures
smaller than the diffraction limit of light. Because the resin does not polymerize,
degrade nor induce metal reduction through single photon absorption at the laser
wavelength of 800 nm, we have full 3D access inside the bulk of the mixture. By
controlling the position of the focus with a three-axis translation stage we are able to
fabricate complex nanostructures in three dimensions.
To determine suitable chemistry for photoreduction through nonlinear absortp-
tion and observe initial silver formation, we measure absorbance at various wave-
lengths. The chemistry we choose must remain transparent at longer laser operating
wavelengths for nonlinear absorption to occur within the restricted focal volume.
Figure 3.1 shows absorbance vs. wavelength plots for three chemical mixtures: 1)
aqueous silver nitrate (AgNO3) solution (top), 2) aqueous PVP solution (middle)
and 3) aqueous AgNO3 and PVP solution (bottom). Several absorption bands can
be observed. In the aqueous AgNO3 absorbance plot, we expect an absorption band
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around ∼210 nm from the 4d10 to 4d9 transition of the Ag+ ion [107, 108]. Addi-
tional peaks may be due to NO3−. We also observe a band ∼300 nm which is due
to Agn (n≈3) clusters which acts as precursors for Ag nanoparticles [107, 109, 110].
In the aqueous PVP absorbance plot, a cluster of peaks is seen in the UV regime.
The carbonyl group (C=O) in PVP has a strong absorption due to pi-pi∗ transition
at ∼254 nm and this can be excited through a multi-photon process and reduce a
neighboring silver ion to a silver atom [111]. An absorbance peak around 420 nm
was detected only when both silver nitrate and PVP were used. This peak is due
to plasmon resonance from the silver nanoparticles and we can confirm that PVP
induces photoreduction from linear absorption of UV light (in natural room lighting).
Therefore by using an ultrafast laser at longer wavelengths, we can initiate a nonlinear
absorption in a focal volume.
Figure 3.2 is a time progression plot of the silver nitrate & PVP solution. As
time passes, the peak at ∼300 nm decreases, indicating a decrease in silver atom clus-
ters. Instead the peak at ∼420 increases, indicating an increase in silver nanoparticle
formation.
3.1.1.2 Laser fabrication parameters
During the laser exposure step, the silver ion reduction process is limited to the fo-
cal volume of the pulses and allows fabrication of silver structures smaller than the
diffraction limit of light. The size of these structures is controlled by numerous laser
parameters, such as the wavelength, pulse energy, repetition rate (rep rate) and total
exposure time. The femtosecond laser pulse irradiation process is fundamentally dif-
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Figure 3.1: Absorbance vs. wavelength plots: (Top) 0.21g of AgNO3 in 8 mL
of deionized water (DI H2O), (middle) 0.206 g of PVP in 8 mL of DI H2O and
(bottom) a mix of 0.21 g of AgNO3 and 0.206 g of PVP in 8 mL of DI H2O.
All measurements were made using a Hitachi U-4100 spectrophotometer in
quartz cuvets.
ferent from processes with longer pulse durations due to the timescale over which the
electrons are excited [53]. Femtosecond pulses end before the electrons can thermally
excite any ions and therefore heat diffusion outside the focal area is minimized [53].
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Figure 3.2: Time progression plot of absorbance vs. wavelength. As time
passes, peak at ∼300 nm decreases and peak at ∼420 nm increases.
Pulse duration, rep rate and total exposure time can be modified to limit heat ac-
cumulation and thermal effects within the sample. A set of gratings can be used
to modify pulse duration. Rep rate is controlled by use of Q-switches or saturable
absorbers. Total exposure time can be controlled by using an acousto optical mod-
ulator (AOM) which acts like a Bragg cell to diffract the laser beam. Diffraction of
the beam results in alignment or misalignment of the beam with the rest of the laser
path allowing modification in the laser exposure time. By selecting dry objectives
with long working distances, a thicker layer of structures can be fabricated. By se-
lecting oil or water immersion lenses, numerical aperture (NA) can be increased to
1.45, which is beyond the theoretical maximum NA of 1 for dry objectives. This will
allow a much smaller focal volume, while sacrificing the long working distance. By
using a Titanium: Sapphire laser centered at 800 nm and NA of 0.8, we easily gener-
ate metal structures that are in the range of 80-150 nm and 200-300 nm depending
on the chemistry. (More information in the following chapters) With a higher NA
objective and a shorter wavelength laser, we expect to produce smaller features.
31
Chapter 3: Fabrication parameters and mechanism
An additional parameter that can be controlled is the beam profile. Because
multi-photon absorption occurs in a volume surrounding the intensity peak above the
threshold value for nonlinear absorption, the morphology of the structure is related to
the laser beam profile. We use a basic beam profile shape that can be approximated
to a zeroth-order Gaussian beam. By utilizing equipments such as a spatial light
modulator (SLM) that uses fourier optics and phase front engineering, it is possible
to engineer the beam profile and obtain a complex beam profile. Figure 3.3 is an
example of the engineered beams used to generate a 3rd order Hermite-Gaussian
beam, a superimposed Laguerre-Gaussian beam, a flat top and an airy beam [112].
HG 30 LG 04+LG 0-4 Flat-top Airy LG 10
0
1
Figure 3.3: Customized spatial modes by amplitude and phase modulation.
From left to right, a Hermite-Gaussian beam (n=3, m=0), a Laguerre-
Gaussian (p=0, l=±4), a flat-top beam, an Airy beam and a Laguerre-
Gaussian beam (p=1, l=0). The first two were generated by complex am-
plitude modulation and a flat-top and an Airy beam were by phase-only
modulation. The last mode was created by combining amplitude and phase
effects. Adapted from reference [112].
As Wloarczyk et al demonstrated in their paper, we expect the morphology
of the fabricated features to reflect the engineered beam profile (Figure 3.4) [113].
Using a computer to simultaneously control the spatial light modulator, acousto-
optic modulator, and translation stage position and speed, complex structures can be
fabricated.
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Figure 3.4: (a)-(e) Different beams obtained with a stacked array of piezo-
electric deformable mirrors. Left column: target images; middle column:
the best beam shaping results; right column: aluminium machined with the
shaped laser beam. Adapted from reference [113].
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3.2 Role of chemistry
In this section, the chemistry that affects the photo-induced metal growth will be
discussed. By varying types of solvent, the concentration ratio between metal ion
precursors and a polymer capping agent, as well as laser pulse parameters (section
3.1.1.2), we can demonstrate control over the morphology of the resulting metal struc-
tures.
To design an embedded 3D metal nanostructure system that meets our goals, we
need to analyze the three building-block components that will comprise the fabricated
system; the metal content, the supporting matrix, and the solvent that can hold all
these components together.
3.2.1 Metal precursors
Metal precursors provide the necessary metal cation source for metal formation through
the photoreduction process. Some examples are silver nitrate (AgNO3), silver tetraflu-
oroborate (AgBF4), silver percholate (AgClO4), chloroauric acid (HAuCl4) and etc.
One can get a good sense of how readily the metal ion can acquire an electron by
comparing the reduction potential. Reduction potential or redox potential is a mea-
sure of the tendency of chemical species to gain electrons. The more positive the
potential is the more likely that ion will be reduced. Table 3.1 is a table of reduction
potential for common metal salts [114].
Gold and Silver ions have a large reduction potential and are easier to reduce
compared to other metal ions. This serves as one of the reasons why we chose silver
(and gold) to test out our method. We mainly focus on the silver writing method
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Table 3.1: Reduction potential for common metal salts (with respect to hy-
drogen). Adapted from reference [114].
Reaction Eo (volts)
Au+ + e− → Au +1.692
Au3+ + 3e− → Au +1.498
Ag+ + e− → Ag +0.7996
Cu+ + e− → Cu +0.521
Cu2+ + 2e− → Cu +0.3419
2H+ + 2e− → H2 +0.0000
Al3+ + 3e− → Al -1.662
due to future metamaterial applications in the visible wavelength range. Less loss is
expected from silver structures (than gold) in the optical regime [115].
3.2.2 Solvents
In addition to acting as a medium to dissolve the metal salts in, solvents give the
appropriate viscosity, rate of heat dissipation, and can provide additional chemical
processes to either enhance or reduce metal reduction. Therefore understanding the
role of solvents is crucial.
Conventionally a polyol process has been used to fabricate silver nanoparticles
by chemical reduction [62, 65, 116, 117]. Polyol process refers to a chemistry where
alcohols are used as a solvent to aid the metal ion reduction process. In our method,
we use ethanol and deionized (DI) water as main solvents. Water has a very high
polarity and is the most effective and safest solvent available to dissolve ionic salts.
Other researchers who have tried to direct laser write metal structures chose a mix
of ethanol and water [62, 65] or just water as solvents [64]. To investigate what
effect ethanol has in the metal reduction process, absorptance spectra were taken for
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two different samples with AgNO3, PVP and one with only DI H2O as the solvent
and the other with ethanol and DI H2O. The absorptance plot (Figure 3.5) shows a
larger amount of silver nanoparticle formation for the solution that included ethanol.
Absorptance peak around 0.42 µm is due to silver nanoparticle plasmon resonance
and the sudden increase near 0.3 µm is from UV absorbance of the cuvet.
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Figure 3.5: Absorptance vs. wavelength plot of water and water with ethanol.
Larger absorption peak is detected by choosing a mix of water and ethanol
as solvent.
There are two ways that ethanol (alcohols) could be playing a role in this re-
action. First is that it serves as a reducing agent (to reduce silver) by oxidizing into
aldehydes (-CHO) or carboxylic acids (-COOH). Second is that it acts as a catalyst
by lowering the reaction energy barrier. In the first case, we expect formation of
a byproduct, such as acetaldehyde and/or acetic acid, from the reaction caused by
ethanol. By doing a proton NMR (1H-NMR) on the product solution we can check if
the reactant ethanol has oxidized to an aldehyde or a carboxylic acid. 1H-NMR can
be used in detecting minute chemical compositions by determining the structure of
the molecules [118, 119]. It is one application of nuclear magnetic resonance (NMR)
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spectroscopy that measures chemical shifts (δ) with respect to hydrogen. Chemical
shift is measured by applying an external magnetic field and letting the spins of mag-
netic nuclei in hydrogen orient (either in parallel or antiparallel) to the external field.
Then when the oriented nuclei are irradiated with the proper frequency of electro-
magnetic radiation, energy absorption occurs and the lower-energy state spin flips to
the higher energy state. This energy is shown as chemical shift. Delta (δ) is defined as
the resonance frequency (Hz) difference between the sample chemical and the calibra-
tion chemical, over the spectrometer frequency [118,119]. Therefore regardless of the
various types of spectrometers with varying magnetic fields, one can get a constant
delta value that is specific to each hydrogen. Deuteriochloroform (CDCl3) was used
as a diluting solvent for this measurement. Figure 3.6 shows results of the 1H NMR
on a solution with ethanol, DI water, silver nitrate and with and without the polymer
PVP. (More information on PVP will be explained in the following section. PVP is
another crucial component to our 3D fabrication chemistry)
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Figure 3.6: 1H-NMR results from AgNO3 and DI H2O mix (a) without PVP
and (b) with PVP.
The aldehyde chemical shift peak is around 9-10 ppm region and the carboxylic
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chemical shift peak is around 10-13 ppm. [118,119] No signs of aldehyde nor carboxyl
formation was observed and therefore we can conclude that ethanol does not undergo
chemical reactions with silver nitrate but instead provides a catalytic pathway in the
silver ion reduction process 1.
Therefore if the fabrication process requires initial silver nanoparticle seeds,
then ethanol can be added to speed up the initial silver ion reduction process. This
is valuable to our 2D silver nanocrystal fabrication technique that will be discussed
in Chapter 4. For 3D fabrication, a more stable and slower silver reduction method
needs to be utilized in order to prohibit unnecessary growth in the rest of the bulk
matrix. Hence, we omit ethanol in our chemistry for 3D fabrication which will be
discussed in Chapter 5. In addition to omitting the ethanol, nitric acid (HNO3) can
be added to further reduce the effect of the -OH group which may also come from
H2O. An increase in the [H+] concentration from HNO3 leads to a decrease in the
[OH−] concentration, due to constant Kw 2. Figure 3.7 shows the color differences
between solutions prepared with and without HNO3. As silver nanoparticles are
formed, color changes from transparent to yellow and to darker brown. Solutions
with HNO3 remain transparent compared to the ones without HNO3. Solutions on
the left were prepared using PVP as our polymer choice, and gelatin on the right.
More information on our choice of gelatin can be found in the following section and
in Chapter 5.
To further control the role of solvents, we oven bake or air-dry the samples at
1To analyze the catalyst mechanism further one can measure the reaction time at various
concentrations to get exponents and the reaction constant of a reaction: [Ag+]a+[C2H5OH]b →
[Ag]c+[CH3CHO]d.This won’t be discussed in this thesis.
2Dissociation constant of water (Kw) =[H+][OH−]=10−14
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Figure 3.7: Pictures to compare solutoins with and without HNO3. (a)
Picture of PVP base chemistry and (b) Picture of gelatin base chemistry.
the end of the sample preparation procedure. This prevents the sample from flowing
off the substrate during the laser writing process and also restricts movement of ions
from freely participating in the photoreduction process. During laser exposure, only
a limited volume in the focal area can be heated up to allow a flow of Ag+ to attach
to silver nanoparticle seeds and grow into larger structures.
3.2.3 Polymers
In addition to initiating the photoreduction reaction by absorbing nonlinearly and
therefore act as an electron donor, polymers are also used to provide the supporting
matrix and serve as a capping agent. There exist many polymers such as poly-
methylmethacrylate, polyester, polystyrene, polyvinyl alcohol, polyvinylpyrrolidone,
polylactic acid, polyacetate and etc. These polymers can be a durable supporting
matrix, however many of these do not dissolve in water which is crucial in dissolving
metal salt precursors. Therefore, the chosen polymer must satisfy these criteria; one,
it should dissolve in water (one can use toxic chemical solvents but this is not desired
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for safety reasons and handling of the sample during the fabrication process). Two,
it should be transparent to the laser source (see absorption graph of PVP in H2O
(Figure 3.1)) and lastly, it should have electron rich groups such as carbonyl (C=O)
groups (or something equivalent) to provide electrons. One of the reasons why we
can successfully fabricate 3D structures that are embedded in a dielectric matrix is by
this careful choice of our polymer. Since there was no need to remove the unreacted
monomer or the polymer matrix, we can leave the fabricated 3D silver nanostructures
inside the supporting polymer matrix. Unlike a TPP direct laser writing process that
uses monomers (refer to Chapter 2), our technique uses PVP of molecular weight
58,000 g as a supporting matrix to fabricate silver structures which eliminates the
need for a polymerization process. PVP satisfies the above three criteria. It dis-
solves readily in water, is transparent to 800 nm and has many carbonyl groups for
photoreduction to occur. Figure 3.8 shows one repeating unit of the PVP molecular
structure.
ON
n
: Polyvinylpyrrolidone (PVP)
Figure 3.8: PVP molecular structure (n is approximately 570 for MW of
58,000 g).
Fourier transform infrared spectroscopy (FTIR) analysis has shown that peak
shiftings occur at peaks corresponding to C-N and C=O bonds which is attributed to
bonding via partial donation of lone pair electrons from nitrogen and oxygen in PVP
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to vacant orbitals of Ag [120–122]. This confirms the strong interactions of embedded
Ag nanoparticles with N and O atoms of C-N and C=O bonds in PVP. Also, PVP
was shown to preferentially adhere to the {100} facets which leads to addition of silver
atoms to the {111} facets and therefore silver growth in the <111> direction [116,117].
By utilizing these characteristics, various shapes of silver nanostructures can be grown
by controlling the ratio of PVP and silver nitrate [116,117]. Figure 3.9(a) shows wet-
chemistry fabricated silver nanocubes with a silver nitrate concentration of 0.2 M and
PVP to silver nitrate ratio of 1.5. Decreasing the concentration of silver nitrate results
in insufficient encapsulation of all 100 facets and leads to growth of silver nanowires
as in Figure 3.9(b) and with very high concentrations of PVP, silver nanospheres can
be obtained as in Figure 3.9(c).
PVP/AgNO3 ~ 1.5
AgNO3 ~ 0.2M
PVP/AgNO3 ~ 1.5
AgNO3 ~ 0.1M
PVP/AgNO3 > 15
AgNO3 ~ 0.2M
a b c
Figure 3.9: Silver nanocubes, wires and spheres fabricated by controlling the
ratio of PVP/AgNO3. Adapted from reference [117].
This PVP adsorption due to electron donation from numerous C-N and C=O
bonds is the key to fabricating high resolution silver nanostructures that will be
presented in Chapter 5. Chapter 5 will also discuss fabrication of 3D structures
with gelatin as the supporting polymer matrix. In addition to the advantages PVP
has, gelatin is composed of longer molecular chains which provide more effective size
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control of silver and its hydrogel properties allow for a streachable matrix.
3.2.4 Additives
Other chemicals such as surfactants, stabilizing agents, reducing agents, photosensi-
tive agents, dyes and nanoseed particles can be added to manipulate the chemistry.
For example, Cao et al. [63] were able to reduce the size of fabricated silver struc-
tures by adding extra surfactant, n-decanoylsarcosine sodium (NDSS). Ishikawa et
al. [65] were also able to reduce the feature size by adding a two-photon sensitive dye,
Cumarin 400. Sun et al. [123] added sodium citrate, a commonly used charge stabiliz-
ing agent for Ag nanoparticles in aqueous solutions, to transform silver nanoparticles
into nanotriangles and nanobelts.
To devise a simple and cost-effective fabrication method, we aimed to develop
a fabrication method that doesn’t require extra additives.
3.3 Direct laser writing of reduced graphene struc-
tures
Ultrafast pulses, as mentioned in section 3.1.1.1, can induce material modification
or chemical reactions through non-linear absorption. We study direct laser writing
of 2D graphite patterns through photoreduction of graphene oxide films. Although
producing graphene-like materials through photoreduction of graphene oxide has been
verified [51, 103–106], finding reliable fabrication methods and discovering the true
chemical structure of graphene oxide and many of graphene derivatives is still an
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ongoing challenge [83]. Additionally the reduction mechanism remains unclear [82].
Most of the photoreduction of graphene oxide (GO) structures has been demonstrated
by using light sources such as UV, Hg, Xe lamps, and CW lasers [51, 103–105]. It
is very likely that these reduction mechanisms resulted from thermal effects and/or
linear absorption. Only a few works were done with an ultrafast laser [51, 104, 106]
which also suggests the possibility that reduction of graphene oxide may occur through
nonlinear interactions. However, previous studies did not confirm that the process
was nonlinear and did not decouple thermal and non-thermal effects. By testing
various repetition rates and pulse durations and by lowering the laser repetition rate
down to 10 kHz, we study the possibility of graphene oxide reduction through purely
nonlinear effects. (Refer to section 3.1.1.2 for more information on the effects of
various laser setup parameters.) Among the many possible GO structures, a few
proposed structures contain several C=O bonds [124, 125]. Figure 3.10 shows one
such GO structure proposed by Dékány and coworkers. We hypothesize that we can
produce 2D graphite by only allowing nonlinear photoreduction processes in chemical
groups such as C=O which will result in a similar process used for direct laser writing
metal structures in section 3.1.
Figure 3.10: Structure of GO proposed by Dékány and coworkers. Adapted
from reference [124].
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Figure 3.11 is a schematic of the GO reduction process through ultrafast laser
photoreduction. GO has similar structure to graphite (many stacked layers of graphene)
with much wider spacing (6-12 A˚) between the layers due to its hygroscopic na-
ture [82, 126]. We expect a much thinner layer of 2D graphite in the laser irradiated
areas from the reduction of the functional groups between the graphene layers.
Figure 3.11: Schematic of ultrafast laser direct writing of GO. Adapted from
reference [106].
We hypothesize that compared to the reduction process that was derived from
both thermal and non-thermal components, the reduced patterns written using only
non-thermal mechanism may produce higher quality structures. By using various
laser fluence and repetition rates to decouple thermal and non-thermal mechanisms,
we investigate the possibility of achieving a high degree of flexibility and control in
the fabrication of graphene layers. This work is presented in Chapter 6.
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3.4 Summary
We use an ultrafast laser to induce photoreduction of C=O bonds in polymers and
graphene oxide films. Ultrafast lasers restrict the nonlinear interaction between the
laser and the materials to the focal volume which results in fabricated structures
that are smaller than the diffraction limit of light. For direct laser writing of metal
structures we combine a metal precursor, a polymer and a solvent and choose an
appropriate laser wavelength that the bulk of the sample is transparent to and a
repetition rate that causes minimal heat accumulation. When choosing a polymer,
electron donating properties, optical characteristics and its solubility in water should
be taken into account to consider whether it is suitable for supporting embedded
structures and for allowing fabrication of high resolution structures. We can further
control the speed of the reaction by hardening the sample solution to restrict the
movement of ions, or by adding additional solvent such as alcohols to provide a faster
catalytic pathway of reduction. Figure 3.12 is a transmittance vs. wavelength plot
of various chemistries to fabricate metal structures. (We also tested ethylene glycol
(EG)) as a solvent to confirm the effects of -OH functional groups. EG has two -OH
groups rather than one, as in ethanol (EtOH).) This figure summarizes the different
chemistries. The absorption at ∼420 nm is due to silver nanoparticle formation.
Without the use of ultrafast lasers, addition of PVP reduces silver ions from linear
absorption of UV. Addition of alcohols causes a faster reduction of silver ions. (A
more broad absorption peak with use of EG indicates a broader distribution of silver
nanoparticle formation.)
By optimizing the chemistry and laser parameters, we fabricate 2D silver crystals
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Figure 3.12: Transmittance vs. wavelength plot of various chemistries for
DLW of metal structures. Each mixture was measured in its solution form
in a cuvett rather than as thin films to magnify the absorption bands.
and 3D silver nanostructures that can be embedded in a matrix. These works are
presented in chapters 4 and 5 respectively. Although finding out the structure
of graphene derivatives and the reduction mechanism of GO is still a challenging
issue, we aim to gain further understanding by decoupling thermal and non-thermal
aspects of the reduction mechanism. Our work on fabricating 2D graphite structures
is presented in Chapter 6.
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Direct laser writing of 2D metal
systems in a polymer matrix
In this chapter, we report the fabrication of silver nanoprisms, especially hexagonal
silver nanocrystals through irradiation with focused femtosecond laser pulses. A non-
linear optical interaction between femtosecond laser pulses and a polyvinylpyrrolidone
film doped with silver nitrate leads to the growth of silver nanoprism crystals in irra-
diated volumes. The nanoprisms have hexagonal bases hundreds of nanometers in size
and the crystal growth occurs over exposure times of less than 1 ms (8 orders of mag-
nitude faster than traditional chemistry techniques). Electron backscatter diffraction
analysis shows that these nanoprisms are single crystalline. The fabrication method
combines advantages from wet chemistry and femtosecond laser direct-writing to grow
silver crystals in targeted locations. The results may offer a new approach to growing
silver crystals for plasmonic devices.
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4.1 Crystals
Compared to bulk silver, nanocrystals have unique characteristics [127–129] that make
them useful for various applications, such as catalysis, biomedical sensing and elec-
tronics [56, 130–135]. A variety of techniques have been developed to fabricate silver
nanoparticles, including laser ablation, microwave, photochemical, sonochemical, elec-
trochemical and wet chemistry methods [116,117,136–143]. Among these techniques,
wet chemistry is popular for growing high-quality silver crystals in a multitude of
shapes, including pyramids, bipyramids, cubes, triangular prisms, hexagonal prisms,
and nanowires [116,117,142,143]. However, unlike top-down methods these techniques
lack patternability. Conversely, femtosecond laser direct-writing methods are used to
grow silver in engineered patterns in two and three dimensions [62–65, 68, 144, 145].
However, they lead to silver structures that are composed of silver nanoparticle ag-
glomerations with void, polymer, or multiple domain inclusions [144]. We present a
method that leads to hexagonal silver nanocrystal growth through irradiation with fo-
cused femtosecond laser pulses. The technique combines advantages from traditional
wet chemistry and femtosecond laser direct writing: high-quality silver crystals and
targeted growth with high speed.
4.1.1 Materials & Method
4.1.1.1 Materials
Silver nitrate (AgNO3) and ethanol was purchased from Sigma-Aldrich. Polyvinylpyrroli-
done (PVP) with an average molecular weight of 58,000 g was chosen for this method
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and was purchased from Alfa Aesar. Mercapto propyl trimethoxy silane (MPTS) was
purchased from Alfa Aesar. Deionized water was used. Regular 25 × 75mm plain,
precleaned microscope glass slides were purchased from VWR and were cleaved into
a third to make 25 × 25 mm glass substrates for sample preparation. For samples to
analyze under the SEM, 25 × 25 mm indium tin oxide (ITO) glass slides purchased
from Delta Technologies, Limited were used as substrates. Sheet resistance (RS) of
4-10 W/sq was selected to minimize charging effects under SEM.
4.1.1.2 Method
Sample preparation
To fabricate the nanocrystals we use a mixture of PVP, AgNO3, ethanol, and water.
We first prepare a solution by dissolving 0.25 g of PVP in 10 mL ethanol at room
temperature. In a separate vial, we dissolve 0.4 g of AgNO3 in 2 mL of deionized
water. Once both mixtures are dissolved, we add them together and stir for 25 min. at
room temperature. Next, we spin-coat the prepared solution onto a glass slide (1000
rpm for 30 s.). We use a glass slide coated with a thin 20-nm layer of indium tin oxide
(ITO) that was oxygen plasma treated and silanized with MPTS. Lastly, the sample
is baked in an oven for 25 min. at 110 ◦C. These steps are done in a room filtered of
ultraviolet light to minimize unnecessary silver nanoparticle formation. The resulting
sample consists of a thin polymer film doped with silver ions on a glass substrate. To
only acquire the fabricated silver structures (without the un-irradiated polymer layer)
or to make samples for SEM analysis, one extra step is required. After irradiation,
the polymer film is removed with ethanol, leaving behind the silver nanostructures
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on the glass substrate.
Laser fabrication
We use a Ti:sapphire laser centered at 795 nm with an 11-MHz repetition rate, and
300-fs pulse length for the irradiation process. See Figure 4.1 for a schematic of the
set-up. An objective with a numerical aperture (NA) of 0.8 focuses the pulses into
the sample. The exposure is controlled by an acousto-optic modulator to produce
100∼800 µs exposure windows during sample irradiation. Appropriate neutral den-
sity filters are selected to obtain 3∼8 nJ pulses after the objective. A high-precision
Aerotech 3-axis translation stage selects the region to be exposed and is translated at
∼100 µm/s for fabrication. The laser exposure is limited to individual voxels inside
the PVP film, near the glass-polymer interface. The laser focal diameter is approxi-
mately 1 µm (full-width half-max). At the focus, nonlinear light-matter interactions
induce metal-ion photoreduction processes in a volume smaller than the diffraction-
limited focal spot, initiating silver nanocrystal growth. The fabrication process is
monitored in real time by attaching a CCD camera that utilizes transmitted light
with a video screen.
Characterization
An optical microscopy was carried out for real-time monitoring of the fabrication pro-
cess and post-fabrication characterization of structure dimensions. Scanning electron
microscopy (SEM), energy dispersive spectrometer (EDS) and electron back scat-
ter diffraction (EBSD) measurements were performed in Zeiss ULTRA and SUPRA
55VP microscopes, using in-lens, EDAX and EBSD detectors. Optical measurements
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Figure 4.1: Schematic of the fabrication process. A microscope objective
(NA 0.8) focuses laser pulses from an 11-MHz ultrafast Ti:sapphire laser sys-
tem inside a doped polymer sample. The microscope objective also provides
in-situ imaging. A high-precision and long-travel three-axis translation stage
scans the sample in the x-, y- and z-directions while an acousto-optic modu-
lator shutters laser pulses to control exposure. The result is a direct-written
dielectric-embedded silver structure in 3D.
on doped films (prior to laser exposure) were made with Hitachi U-4100 spectropho-
tometer and J.A.Woollam V VASE-32 spectroscopic ellipsometer.
4.1.1.3 Silanization
This section describes the role and the importance of using a silane for 2D fabrication,
especially like in our method when it involves a washing step. Silanes (sometimes
named as coupling agents) have been used widely in research and in industry for
many different purposes, such as for adhesion of biological and chemical materials to
various substrates, treating the surface to make it more hydrophobic or hydrophilic,
for coatings, and etc [146–149]. In our experiments silane is used to treat the substrate
previous to depositing the sample to enhance adhesion between the laser fabricated
structures and the substrate. Figure 4.2 [148] is a schematic of how silanes work.
Silanes are typically comprised of a hydrolysable group, Si and a functional group.
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Hydrolysable groups are usually alkoxy (RO-) groups such as methoxy (CH3O-) and
ethoxy groups (CH3CH2O-). By hydrolysis (addition of water) and condensation
(subtraction of water), the hydrolysable groups get modified to have (-OH) endings.
When these endings come in contact with a plasma treated glass substrate that is free
of carbon residue and has dangling -OH bonds, hydrogen bonding and condensation
occur that lead to a monolayer of silane adhered to the glass substrate with dangling
functional groups on the other end. It is these functional groups that help adhesion
of structures to the substrate. Initially, we used acryloxy-propyl-trimethoxy silane
(APMS) as our silanizing agent that was bought from Gelest, Inc. Figure 4.3 shows
the long functional group of APMS. Although the electronegative oxygen atoms are
present, the long length of the carbon backbone chain weakens this effect. By choosing
a silane with a functional group that has a stronger affinity for electron positive
elements or metallic components, we are able to dramatically enhance the adhesion
properties of our silver structures to the glass substrate. For our experiments, we
choose mercapto propyl trimethoxy silane (MPTS) that was purchased from Alfa
Aesar. Figure 4.3 shows the sulfuric functional group of MPTS.
4.1.2 Results & Discussion
4.1.2.1 Crystal structure characterization
We observe crystal growth under a variety of experimental conditions Figure 4.4.
Several factors such as pulse energy, exposure time, laser focus position and laser
stability affect the crystal growth, Figure 4.4(a) and Figure 4.4(b) show scanning
electron microscopy (SEM) images of laser grown crystals that are larger than 2 µm.
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Figure 4.2: Schematic of a silanization process [148].
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a
b Mercapto propyl trimethoxy silane (MPTS)
Acryloxy propyl trimethoxy silane (APMS)
Figure 4.3: Molecular diagram of an APMS and MPTS. Red box indicates
functional groups.
These large crystals tend to be washed away more easily than the smaller ones and
are found next to the irradiated laser-spots. Figure 4.4(c) shows an SEM image of
a 900-nm crystal grown with a total exposure time of 100 µs and 4.1 nJ per pulse;
Figure 4.4(d) shows an SEM image of a 500-nm crystal grown with an exposure of
800 µs and 1.5 nJ per pulse. Crystals in figure 4.4(c) and 4.4(d) are found right
at the laser spots. We also observe crystal growth with irradiation from a 11-MHz,
1050-nm laser with pulses of 270-fs duration and an average laser power of 80 mW
(Figures 4.4(e) and 4.4(f)). Despite variations in these conditions, the vast majority
of crystals grown through this femtosecond laser technique are hexagonally shaped.
Figure 4.5(a) shows an SEM image of a nanocrystal grown at an exposure of 800
µs and its corresponding energy dispersion x-ray spectroscopy (EDS) map of silver
element (Figure 4.5(b)). EDS gives an elemental distribution map in the electron
image. The EDS elemental map and the spectrum (Figure 4.5(c)) confirm that the
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Figure 4.4: SEM images of various sized hexagonal crystals. (a) & (b) Crys-
tals that are larger than 2 µm found near laser irradiated spots (c) A 900-nm
crystal grown with a total exposure time of 100 µs and 4.1 nJ per pulse; (d)
A 500-nm crystal grown with an exposure of 800 µs and 1.5 nJ per pulse. (e)
& (f) Crystals with irradiation from a 11-MHz, 1050-nm laser with pulses of
270-fs duration and an average laser power of 80 mW.
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nanocrystal is composed of silver. The Si-peak is from the glass substrate underneath
and In-peak is from the ITO coating on the glass substrate.
Ag
AgSi
In
In
Ag
4.03.01.0 2.0
Energy (KeV)
C
o
u
n
ts
a b
c
1 µm
Figure 4.5: (a) shows an SEM image of a nanocrystal grown at an exposure
of 800 µs and its corresponding energy dispersion x-ray spectroscopy (EDS)
map of silver element (b). EDS gives an elemental distribution map in the
electron image. The EDS elemental map and the spectrum (c) confirm that
the nanocrystal is composed of silver. The Si-peak is from the glass substrate
underneath and In-peak is from the ITO coating on the glass substrate.
We further characterized the crystals through electron backscatter diffraction
(EBSD) measurements, which provide information on the orientation and crystalline
structure of a material. EBSD is a fast reliable diffraction technique applicable to most
crystalline materials for obtaining microstructural and microtextural information. It
can provide maps of grain orientation and phase distribution, plots of orientation
(pole figures), grain boundaries and crystallographic texture. These maps in EBSD
are created by colored-map pixels or boundaries between pixels based on the data
recorded from the probing area. The data gathers properties of quality, phase, ori-
entation, grain boundaries, special grain boundaries, and texture-related components
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and produce a color or a brightness [150]. Figure 4.6 shows EBSD measurements
which indicate that the probed crystal has a single crystalline silver lattice structure.
Figure 4.6(a) is an SEM image of the hexagonal silver crystal and the area that was
probed. Figure 4.6(b) is an EBSD map that shows uniform color and brightness, and
therefore uniform grain orientation and phase distribution with no grain boundary.
Figure 4.6(d) shows the crystallographic orientation of the fabricated silver nanocrys-
tal. The (100) pole plot in Figure 4.6(c) represents a stereographic projection of
the crystallographic directions present in the grains that make up the material. The
directions plotted are the stereographic projection of crystal directions parallel to ei-
ther the normal direction (ND), rolling direction (RD) or transverse direction (TD)
in the sample. All individual point orientation measurements from the sample are
shown together as three closely packed clusters of points on the pole figure repre-
senting the (100), (010) and (001) planes of the sample. These results indicate that
probed portions of the silver structure are single-crystal and higher quality than silver
grown through previously reported femtosecond laser techniques [62–65,68,144,145].
Through EDS and EBSD analysis, we conclude that under appropriate conditions,
the femtosecond-laser direct metal writing leads to single-crystal nanoparticle growth.
During fabrication, in-situ optical imaging shows that patterned samples have
silver growth at close to 100 % of irradiation spots. However, after irradiation, due
to the degrading nature of the polymer film prepared with this chemistry method,
the film has to be dissolved with water or ethanol for sample analysis, leaving behind
only those silver nanostructures strongly adhered to the glass substrate (Figure 4.7).
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Figure 4.6: SEM image of a silver 400-nm nanocrystal and corresponding
EBSD data showing single crystal structure. (a) SEM image taken from a
70◦ angle; outline shows the area mapped with EBSD. (b) The honeycomb
contour in the EBSD map outlines the individually probed pixels; the color
uniformity is indicative of single crystal orientation. (c) The (001) pole figure
further highlights single crystal orientation; the insets show a 10× close-up.
RD refers to sample rolling direction and TD refers to transverse direction.
The silver crystal orientation is shown in (d), where the substrate is in the
plane of the page.
Scanning electron microscopy (SEM) image analysis reveals the yield of silver ad-
hered to irradiation sites after the washing step is 4.4 %. From this yield, 45 % are
crystals with hexagonal shaped bases (6 facets with 120◦ internal angles), 21 % are
partially ablated or cracked hexagonal crystals, 15 % are crystals with hexagonal-like
bases (which have small deformations, or greater than 6 facets, with additional facets
positioned with 120◦ or -120◦ internal angles), and 12 % are twinned crystals.
As discussed in Chapter 3, by varying the polymer to metal precursor ratio
and laser parameters, we obtain an assortment of nanocrystal shapes (Figure 4.8),
including nanowires, emerald shapes, cubes and more exotic nanocrystal configura-
tions that vary in size from tens of nanometers to several micrometers. The yield of
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2 µm
Figure 4.7: SEM image of laser irradiated area. Many crystals have been
removed from the washing step.
these shapes is low compared to the yield of the hexagonal nanocrystals. However
these nanocrystals are found only in the adjacent areas near laser irradiated spots.
Therefore based on the unique hexagonal structure and the time scale of formation,
we hypothesize that the femtosecond laser favors a non-equilibrium crystal growth
path that mostly allows formation of hexagonal nanocrystals. This will be discussed
more in section 4.1.2.3.
4.1.2.2 Doped film characterization
In order to study optical characteristics and degradation properties of the background
matrix (before dissolving), we use a spectrophotometer and an ellipsometer to analyze
a 160-nm thick doped film. Speed higher than 3000 rpm was used to spin-coat thinner
films for analysis in an ellipsometer. (Typical spin-coating parameters of 1000 rpm
spinning speed for 30 seconds produce a 1-µm film). Figure 4.9 is a transmission
spectrum of the thin film. Lower transmission around 420 nm is due to the absorption
from plasmon resonance of silver nanoparticles and the drop near 300 nm is from the
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Figure 4.8: SEM images of various nanocrystals by varying PVP to AgNO3
ratios: (a) nanocubes, (b)nanorods, (c) emerald shapes, (d) nanowires.
glass substrate.
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Figure 4.9: Transmission vs. wavelength of a doped PVP matrix with ethanol
as a solvent.
Figure 4.10 show additional results acquired from the spectroscopic ellipsometer
(right is a plot of the refractive index (n) and right is a plot of extinction coefficient
(k)). With an ellipsometer, we can determine the optical constants by measuring
the change in polarization as light reflects or transmits from our sample. B-Spline
method was used to fit the parameters. B-spline fitting method is a mathematical
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parameter fitting model of a dielectric function that was developed by J.A.Woollam as
an alternative to direct fits or oscillator models in typical ellipsometer softwares [151].
These films with the ethanol chemistry method were determined to have a graded
refractive index layer with the top refractive index value being higher than the bottom
layer. This may be due to the fact that as ethanol evaporates faster from the top layer,
it forms a denser layer on the top. The difference in the k values were determined
to be insignificant and showed same values throughout the top and bottom layer.
The extra loss (increase in the k value) around ∼420 nm is due to the plasmon
resonance from the silver nanoparticles. The inhomogeneous refractive index due to
the evaporative nature of this matrix causes a problem when trying to develop three
dimensional matrices. A method that we developed to resolve this problem will be
discussed in Chapter 5. Furthermore, as studied in Chapter 3, the addition of
alcohols into the solution expedites the initial silver seed growth process and leads
to a faster degradation of the matrix. Therefore this method is only suitable for 2D
fabrication and works favorably to crystal growing techniques.
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Figure 4.10: Ellipsometer results of n and k values for a doped PVP matrix
with ethanol as a solvent. (Plots of k values are overlapped.)
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4.1.2.3 Discussion
Traditionally, wet chemistry methods have been used to fabricate silver nanocrystals.
However this is not a patternable technique that allows crystal formation in specific
desired regions and is relatively slow; at a typical refluxing temperature of 120 to 160
◦C and/or with a sodium or a halogen lamp, it takes between 0.5 and 30 hours to
grow silver crystals between 80 nm and 280 nm in size [116,117,142,143]. Below is a
table of some of the wet chemistry methods.
By using traditional wet chemistry the shape and size of silver crystals can be
tuned by varying chemical composition [116, 117, 142]. As discussed in Chapter 3,
because PVP interacts preferentially with {100} planes in silver crystals, it results
in a faster growth in specific crystal directions (that are covered less by PVP) which
leads to cubic, spherical or rod silver nanocrystals [116, 117]. However, the size and
shape of the nanocrystals we produce with the laser technique described in this letter
are rarely observed using wet chemistry even when the same chemical reagent mixture
is used [135, 143]. Extra additives such as sodium citrate must be added to the wet
chemistry method to modify the nanocrystals into triangular or hexagonal shapes. In
addition, the direct laser writing method uses exposure times that are over 8 orders of
magnitude shorter and yet leads to larger crystals. Such ultrafast growth rate has not
been previously reported. We hypothesize that the irradiation with our femtosecond
laser system leads to plasmon resonances and higher temperatures in the irradiation
focal volume during fabrication. These observations suggest that the non-equilibrium
dynamics arising from the femtosecond excitation play a role in the ultrafast growth
of hexagonal nanoprisms.
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4.2 2D Lines & Grids
In this short section we present silver structures that are fabricated with a continuous
exposure to create silver wires instead of crystals. We obtain similar results as other
previously reported publications [62].
4.2.1 Materials & Method
Same materials, method and fabrication setup were used to fabricate 2D structures,
such as lines and grids. Refer to section 4.1.1 for details. However, instead of using
the AOM for spot-exposures, the lines were created with continuous irradiation. Same
characterization tools were utilized.
4.2.2 Results & Discussion
Figure 4.11 shows various widths of silver wires we obtained ranging from 300 nm to
3µm depending on the various writing speeds and laser power. EDS measurements
were taken to confirm the silver content (Figure 4.12). In addition to the silver peak,
the EDS spectrum shows a very strong carbon peak which may be due to PVP being
mixed in the fabricated silver wires1.
As discussed in Chapter 3, gold also has a high reduction potential and therefore
has a tendency to be easily reduced than other metals. Using the same setup, we can
also fabricate gold wires. However experiment parameters have not been optimized
1Conductivity measurements were also carried out in order to determine the quality of the fab-
ricated silver wires. However due to insufficient adhesiveness of the silver lines to the substrate, we
were not able to fabricate intact lines that are long enough for a 4 point probe measurement. With a
2 point probe measurement we confirmed a large increase in the conductivity compared to the ITO
substrate, but these results are not presented in this thesis due to insufficient data.
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Figure 4.11: An SEM image of direct laser written 2D silver lines ((a)-(c))
and silver grid (d).
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Figure 4.12: EDS of fabricated 2D Silver lines.
for this chemistry and more research needs to be conducted. Figure 4.13 shows gold
lines fabricated with chloroauric acid (HAuCl4), a gold precursor. A mixture of 0.33
g of HAuCl4, 2 g of polyvinylalcohol and 20mL of deionized H2O was used to make
the doped film.
Although the preliminary result of gold fabrication was successful, throughout
this thesis we focus only on silver structure fabrication to benefit from its low loss
property in the optical regime [115].
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2 µm
Figure 4.13: An SEM image of direct laser written 2D gold lines.
4.2.3 Annealing
Figure 4.14 shows a close-up image of the silver wires. We observe a high surface
roughness structure with undissolved residual PVP in between the lines. To investi-
gate whether we can reduce surface roughness and discontinuity in the structures, we
test the annealing method.
200 nm
Figure 4.14: A magnified SEM image of one of the fabricated silver lines
showing high roughness.
Among the three typical methods of annealing; Laser Anneal, furnace Anneal
and rapid thermal anneal (RTA), we investigate furnace annealing and RTA method
which are more cost-effective and have a higher throughput than the laser annealing
method. Our preliminary results show no significant improvements in the structures
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at temperatures less than 300 ◦C. With an RTA that allows higher temperatures,
we start observing Ostwald ripening around 750 ◦C which has adverse effects and
decreases the quality of the structure by making the lines more discontinuous. Fur-
nace annealing at temperatures between 300 ◦C and 750 ◦C also did not give any
improvement in the quality of the silver structures and was unsuccessful at removing
the residual polymer. Figure 4.15(a) and Figure 4.15(b) show pre- and post- RTA
annealing at 750 ◦C. Figure 4.15(c) and Figure 4.15(d) show pre- and post- furnace
annealing at a temperature around 500 ◦C. Bright rectangular areas are composed of
tightly spaced fabricated lines and darker area surrounding the pads is the residual
PVP.
2 µm 2 µm
20 µm 10 µm
a b
c d
1 µ
Furnace
RTA @750C
Figure 4.15: Pre- and post- annealing SEM images of direct laser written
silver lines. (a) & (b) show pre- and post- RTA annealing at 750 ◦C. (c) &
(d) show pre- and post- furnace annealing at a temperature around 500 ◦C.
Although more studies still need to be carried out, such as optimizing the an-
nealing time, temperature, and gas flow, annealing does not seem to effectively resolve
the surface roughness or the discontinuity problem. In Chapter 5, we present a new
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chemistry that allows us to fabricate higher quality 2D and 3D silver structures.
4.3 Summary
In conclusion, the femtosecond laser fabrication method combines the advantages of
a bottom up cryatal growth technique with the positioning capability of top down
patterning process. The use of femtosecond laser irradiation drastically increases the
growth speed and size of nanocrystals compared to traditional techniques; we obtain
hexagonal shapes that are hundreds of nanometers in size with sub-millisecond laser
exposure. By fine tuning the laser parameters and chemical reagents, the technique
outlined in this chapter may be modified to control the shape of silver crystals with
increased yield.
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Direct laser writing of 3D metal
structures in a polymer matrix
This chapter describes our innovative single-step silver growth technique for direct-
writing disconnected silver nanostructures in 3D. Compared to other conventional
techniques that typically require multiple time-consuming post steps to add metal
layers, this technique allows us to directly create any metal patterns inside a dielectric
medium. No photoinitiators or complex synthesized molecules are required for our
process. We leverage nonlinear optical light-matter interactions and an accompanying
photoreduction reaction to fabricate 3D silver structures at the nanoscale. Previous
work on direct metal writing has largely been applied to generate 2D structures,
[62,63,65,68,152] low resolution 3D structures [68,152], or freestanding 3D structures
[63–65]. We demonstrate the writing of disconnected silver structures in 3D with 300-
nm resolution (in PVP matrix) and 80-nm resolution (in gelatin matrix) and writing
speeds up to 100 µm/s. Many metamaterial designs are based on metal/dielectric
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composites, so incorporating metal compositions into a bulk dielectric medium is
crucial. This fabrication technique to write metal structures embedded in polymer
provides us freedom to choose different types of polymers and to optimize them.
Section 5.1 presents our work on the fabrication of disconnected three-dimensional
silver nanostructures in a PVP matrix for possible mid-IR photonics application. Sec-
tion 5.2 will discuss the technique in a gelatin matrix for possible vis-near IR and THz
photonics applications.
5.1 Silver nanostructures in PVP matrix for vis-near
IR and mid-IR applications
We present a simple, one-step technique for direct-writing of a structured nanocom-
posite material with disconnected silver nanostructures in a polymer matrix. A non-
linear optical interaction between femtosecond laser pulses and a composite material
creates silver structures that are embedded inside a polymer with submicrometer reso-
lution (300 nm). We create complex patterns of silver nanostructures in three dimen-
sions. The key to the process is the chemical composition of the sample that provides
both a support matrix and controlled growth. This technique offers a cost-effective
approach for the fabrication of bulk optical devices with engineered dispersion.
The silver is grown inside a polymer support matrix, enabling us to move be-
yond freestanding structures to create arbitrary 3D disconnected silver patterns with
submicrometer resolution.
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5.1.1 Materials & Method
5.1.1.1 Materials
Silver nitrate (AgNO3) was purchased from Sigma-Aldrich. Polyvinylpyrrolidone
(PVP) with an average molecular weight of 58,000 g was chosen for this method
and was purchased from Alfa Aesar. Mercapto propyl trimethoxy silane (MPTS) was
purchased from Alfa Aesar. Deionized water was used. Regular 25 × 75 mm plain,
precleaned microscope glass slides were purchased from VWR and were cleaved into
a third to make 25 × 25 mm glass substrates for sample preparation.
5.1.1.2 Method
Sample preparation
We use a mixture of PVP, AgNO3, and deionized(DI) water to make a 0.16M AgNO3
solution, with polyvinylpyrrolidone (PVP) as support polymer and DI water as sol-
vent. In detail, we first prepare a solution by dissolving 0.206 g of PVP in 8 mL of
DI water at room temperature. Next 0.21 g of AgNO3 is added to the mixture. Once
both mixtures are dissolved, we drop-cast 1 mL of the prepared solution onto a glass
slide. Lastly, the sample is baked in an oven for 2 hours at 50 ◦C. These steps are done
in a room filtered of ultraviolet light to minimize unnecessary silver nanoparticle for-
mation. The resulting sample consists of approximately 200-µm thick polymer layer
doped with silver ions on a glass substrate. For SEM analysis, 2D samples were made
on a glass substrate that was oxygen plasma treated and silanized with MPTS prior
to depositing the mixture. Then the fabricated samples that include glass-substrate
bound patterns are immersed in water at RT to dissolve the polymer layer, leaving
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behind only the 2D patterns for further analysis. A thin layer of gold or platinum
was sputter-coated to reduce charging while SEM imaging. Figure 5.1 is a schematic
of the sample preparation steps.
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Figure 5.1: Schematic of sample preparation steps for writing 3D metallic
structures in a dielectric matrix.
Laser fabrication
We use a Ti:sapphire laser centered at 795 nm with an 11-MHz repetition rate, and
50-fs pulse length for the irradiation process. Refer to 4.1.1.2 for a schematic of the
set-up. This is the same laser set-up that was used to create 2D nanocrystals. An
objective with a numerical aperture (NA) of 0.8 focuses the pulses into the sample.
The laser is focused inside the bulk of the doped PVP matrix to create multi-layered
3D structures. At the focus, nonlinear light-matter interactions induce metal-ion
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photoreduction processes in a volume smaller than the diffraction-limited focal spot
initiating silver nanocrystal growth. By varying the laser parameters we can adjust
the size of the resulting silver structures. At an exposure of 1.3 × 106 pulses per voxel
with 0.15 nJ per pulse, we create structures clearly resolved by optical imaging.
Characterization
SEM, EDS and EBSD measurements were performed in Zeiss ULTRA and SUPRA
55VP microscopes, using in-lens, EDAX and EBSD detectors. Optical measure-
ments on doped films (prior to laser exposure) were made with Hitachi U-4100 spec-
trophotometer and J.A.Woollam V VASE-32 spectroscopic ellipsometer. Electron
Microscopy Sciences (EMS) 300TD Dual Head Sputter Coater was used to sputter-
coat a 5-10 nm of gold or platinum for SEM imaging 2D structures.
5.1.2 Results & Discussion
5.1.2.1 Structural characterization
Figure 5.2 shows a 3D rendering of stacks of sequential 2D in-situ bright-field optical
images taken of an array of silver voxels; adjacent rows of voxels are in different
vertical planes. The images highlight a key attribute of our fabrication process: we
can direct-write silver structures that are disconnected in 3D inside a polymer.
Figure 5.3 shows optical images of a sample, similar to the one fabricated in
Figure 5.2(a), captured by an in-situ microscope. At different stage positions in the
z-direction (from z=0 µm to 6.2 µm), different layers come into focus. Silver dots at
the ends of each line are larger than the rest of the dots due to longer laser exposure.
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Figure 5.2: 3D rendering of stacks of sequential in-situ bright-field optical
microscopy images of fabricated structures. (a,b) An array of silver voxels
fabricated in a single tent structure fabricated at an exposure of 1.3 x 106
pulses with 0.15 nJ per voxel. The stage was translated at 10 µm/s during
fabrication. The chosen exposure creates features clearly resolved by optical
imaging. Neighboring rows of patterned features are in different z-planes.
For clarity, the z-scale is stretched by a factor of 1.6 relative to the x- and
y-scales. (c) Portion of an array of tent structures fabricated using the same
parameters. The feature size imaged with optical microscopy is limited by
the spatial resolution of the in-situ microscope.
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Figure 5.3: In-situ optical images of a 3D tent structure taken at different
focal lengths. Images are taken as the image focal plane is raised from (a)
bottom of the structure to (d) apex of the tent.
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Figure 5.4 shows additional 3D rendered images of sequential stacks of in-situ
bright-field optical microscopy images of various fabricated structures. Figures 5.4
(a) and (b) are from a 2 layer structure where smaller dots were fabricated on top of
a layer of larger dots. Figure 5.4(c) is from a dotted spiral structure.
ąą
a b c
ąą
Figure 5.4: Rendered images of fabricated 3D silver structures. (a) & (b)
show two layer silver dot structure with a smaller sized dots on top layer. (c)
shows silver dots fabricated in a spiral.
When we reduce the laser exposure to 2.8 × 105 pulses per voxel with 0.2 nJ
per pulse, the silver features are reduced to submicrometer scales (less than 300 nm,
Figure 5.5). At the operating wavelength of 795 nm, the transverse resolution of our
overfilled microscope objective is approximately 600 nm – about twice the size of
the fabricated nanostructure in Figure 5.5(c). Unlike most multiphoton absorption
lithography techniques that use oil immersion objectives to achieve high resolution,
our results were obtained at a numerical aperture of 0.8. Although higher-NA ob-
jectives have a smaller focal volume, the primary advantage of a lower-NA objective
is the longer working distance (3 mm), which is useful for bulk 3D nanolithography.
In addition to enabling 3D disconnected nanostructure fabrication, our process is
approximately two orders of magnitude faster than other 3D direct-write techniques
with similar resolution [63] using an 11-MHz laser we achieve write speeds of 100
µm/s.
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Figure 5.5: High-resolution SEM images of a patterned sample. (a) An
image of a 2D array of dots and (b) its corresponding EDS silver elemental
map confirm that silver structures are grown in areas irradiated by the laser.
Close-up views of individual dots shown (c) head on and (d) at a 61◦ tilt
angle. SEM imaging requires a washing step to avoid sample contamination
from additional silver growth driven by the electron beam.
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Figure 5.6: EDS spectrum of the patterned silver structure. Strong silver
signal is detected with a Si signal that is from the glass substrate.
To determine the constituent elements in the direct written features, we used
high-resolution energy dispersion x-ray spectroscopy (EDS) and scanning electron
microscopy (SEM). Figure 5.5 (a) shows SEM images of an array of dots fabricated
on a glass substrate. Figure 5.5 (b) shows its corresponding high-resolution EDS silver
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elemental map, confirming that the fabricated dots contain silver. The presence of
silver is corroborated by a strong silver signal in the EDS spectrum (Figure 5.6) of a
patterned feature. The strong Si peak is due to the glass substrate underneath.
Further characterization through transmission electron microscopy (TEM) (Fig-
ure 5.7) indicates that the silver does not grow as a single crystal in each irradiated
voxel; rather, structures are composed of agglomerations of smaller silver nanoparti-
cles. The inset of Figure 5.7 is a higher magnification image of a silver nanoparticle
created during the fabrication process that shows a clear silver lattice structure.
2 nm
20 nm
Figure 5.7: TEM image of fabricated silver structures. The silver does not
grow as a single crystal in each irradiated voxel. Instead the silver structures
are composed of agglomerations of smaller silver nanoparticles. The inset
shows a close-up view of a silver nanoparticle.
Ultraviolet and visible micro-absorption and scattering spectroscopy (Figure 5.8)
shows a characteristic silver surface plasmon peak centered around 425 nm. The broad
extinction spectrum indicates polydispersity of the silver nanoparticle size.
Most work on high-resolution 3D femtosecond laser direct-writing involves reagent
combinations that either include an alcohol solvent or omit the polymer. For example,
a solution of AgNO3 in H2O can be used to direct-write silver nanostructures, [64]
but does not offer a solid matrix for support. In contrast, a polyol based system using
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Figure 5.8: Extinction spectrum of silver nanoparticles from direct laser writ-
ten silver structures
AgNO3, PVP, H2O and ethanol [62, 68] has a polymer that could act as a support
matrix, but the redox interactions between ethanol -OH groups and Ag+ ions begin
immediately upon reagent mixing causing nanoparticle growth throughout the sam-
ple. Thus, the polyol mediated growth technique, as it is, cannot be used to provide
a polymer support matrix for 3D laser writing. By omitting the alcohol solvent, how-
ever, we found that the reduction reactions decrease significantly. We retained PVP
as a support matrix because it helps control silver nanoparticle synthesis. [116, 117]
By optimizing the concentration of PVP in H2O, we simultaneously gain control over
the localization of Ag+ reduction processes and obtain a polymer support matrix.
Our technique does not require addition of two-photon dyes, seed nanoparticles, or
non-commercially available reagents.
The key to our fabrication process is the chemical composition of the sample.
Conventional methods to synthesize silver nanoparticles and nanostructures through
polyol processes [116, 117] are subject to redox reactions unfavorable for polymer-
embedded 3D silver nanofabrication. In the process we present here, PVP is dis-
solved in H2O, minimizing reduction reactions outside the laser-irradiated volume.
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PVP plays an important role in controlling the size and shape of silver nanoparti-
cles: the strong affinity of N and O atoms in the amide groups of PVP to surfaces of
transition-metal clusters restrains their growth [116,117,153]. By combining PVP and
water we obtain both a support matrix and controlled growth. Nonlinear light matter
interactions then permit the direct writing of silver nanostructures in the bulk of the
sample. Transmission measurements indicate the support matrix has several trans-
parency windows in the near-infrared and infrared portions of the electromagnetic
spectrum.
5.1.2.2 Optical characterization
Figure 5.9 shows a transmission spectrum of the doped PVP matrix (unpatterned)
spanning a range of 0.35 µm to 16 µm. There are two high transparency windows
in the vis-near IR and mid-IR regimes; this allows for the possibility of creating
electromagnetic metamaterial devices for these regions
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Figure 5.9: Transmission vs. wavelength plot of a doped PVP matrix (un-
patterned) measured from 0.35 µm to 16 µm.
To find values of n and k for further theoretical studies to design metamaterials,
optical properties of a 50-nm thick Ag ion doped PVP film was measured. Speed
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higher than 3000 rpm was used to spin-coat to make very thin films for analysis
using an ellipsometer. Typical method of fabrication is drop-casting which generates
∼13µm films. Figure 5.10 is a n vs. wavelength plot and a k vs. wavelength plot of
the doped PVP film. Higher extinction around 420 nm is due to plasmon resonance
form the silver nanoparticles.
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Figure 5.10: n vs. wavelength plot and a k vs. wavelength plot of a doped
PVP film. Higher extinction around 420 nm is due to plasmon resonance
from the silver nanoparticles.
5.2 Silver nanostructures in gelatin matrix for vis-
near IR and THz applications
In this section we present a new chemistry method to fabricate higher-resolution
silver nanostructures in 3D using femtosecond laser direct metal writing. Nonlinear
absorption inside a gelatin matrix doped with silver ions leads to the growth of silver
nanostructures embedded and fixed inside a dielectric matrix. 2D SEM images show
sub-100 nm features. Gelatin provides several advantages over previously reported
dielectric matrices for the fabrication of 3D nanostructures. The gelatin-silver matrix
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is an order of magnitude thicker allowing more layers during bulk 3D nanofabrication;
it has over an order of magnitude longer shelf life; it has fewer defects in the matrix;
it produces a much smaller silver feature size; and it is stretchable up to 10 %.
Lastly, it has good transmission window for vis-near IR and THz metamaterial device
applications.
5.2.1 Materials & Method
5.2.1.1 Materials
Silver nitrate (AgNO3) and type B1 bovine gelatin were purchased from Sigma-
Aldrich. Gel strength is indicated by Bloom, which can be determined by a method
that was developed in 1925 by O. T. Bloom [155]. For this method, a Bloom grade2
of 75 was chosen to fabricate a flexible substrate. Mercapto propyl trimethoxy silane
(MPTS) was purchased from Alfa Aesar. Deionized water was used.
5.2.1.2 Method
Sample preparation
To fabricate the nanostructures we use a mixture of gelatin, silver nitrate (AgNO3),
and deionized water. We prepare a solution by dissolving 0.8 g of gelatin in 4 mL of
deionized water in a vial. We mix the two components using a vortex mixer then heat
the sample vial in a 55 ◦C water bath to dissolve the gelatin. We repeat this step until
1 Gelatin is derived from collagen protein, which is retrieved from cows, pigs, fish and poultry.
When collagen is treated with either alkali or acid, it breaks up to form type A or type B gelatin,
respectively. [154]
2 The “Bloom” test determines the weight of gelatin(in g) needed by a probe (typically with a
diameter of 0.5 inch) to deflect the surface of the gel 4 mm without breaking it [155]. Typical gelatin
ranges from 50-300 Bloom. Higher number means higher gelatin strength.
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all the gelatin fully dissolves. Next, we add 0.105 g of AgNO3 to the vial and repeat
the above mixing step until all the AgNO3 has completely dissolved. We drop cast
the prepared solution onto a 1-inch by 1-inch glass slide. Lastly, the sample is air-
dried at room temperature overnight. The resulting sample consists of approximately
200-µm thick gelatin film doped with silver ions on a glass substrate. To create 2D
samples for SEM analysis, the glass substrate is oxygen plasma treated and silanized
with MPTS prior to depositing the mixture. Then the fabricated samples that include
glass-substrate bound patterns are immersed in water at 55 ◦C to dissolve the polymer
layer, leaving behind only the 2D patterns. These glass substrates for 2D purposes
were treated with MPTS silane prior to sample deposition.
Laser fabrication
We use a Ti:sapphire laser centered at 795 nm with an 11-MHz repetition rate, and
50-fs pulse length for the irradiation process. A detailed description of the laser
fabrication setup can be found in references [144], [145] and Chapter 4. The laser
exposure is limited to individual voxels where the focal volume has a full-width half-
max diameter of 1 µm. The numerical aperture (NA) of the objective is 0.8, and the
working distance is 3 mm. 3D structures are created by focusing laser pulses inside
the bulk of the gelatin matrix; layers are patterned sequentially starting from the layer
closest to the substrate and moving towards the air interface. This is a single step
process and does not require further processing. To create planar 2D patterns that
are suitable for SEM analysis for example, laser pulses are focused near the substrate
such that the grown silver is bound to the glass.
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Structure characterization
SEM and EDS measurements were performed in Zeiss Ultra and SUPRA 55VP mi-
croscopes, using in-lens and EDAX detectors. The stretcheability of a 200-µm thick
silver-doped gelatin matrix was determined by using an Instron 3342 tensile measure-
ment setup. Transmittance measurements were made in 4 different regions on a 200-
µm thick unpatterned silver-doped gelatin matrix. The 200-1750 nm wavelength range
was probed using a Cary 500i UV-Vis-NIR dual-beam spectrophotometer. Transmit-
tance in the 1.8-15 µm wavelength range was measured using a Thermo Fisher con-
tinuum fourier transform infrared (FTIR) microscope connected to a Thermo Fisher
FTIR 6700 spectrometer. The 15-200 µm wavelength range was measured using a
Thermo Fisher FTIR 6700 spectrometer. The 200-1,500 µm (THz) range was mea-
sured using a broadband Hg-arc lamp THz source and a liquid helium-cooled Si
bolometer detector.
5.2.2 Results & Discussion
Nonlinear absorption inside a gelatin matrix doped with silver ions induces the growth
of silver nanostructures to be embedded inside the dielectric matrix. Gelatin provides
several advantages over previously reported materials for the fabrication of 3D nanos-
tructures. Gelatin is an easy to use, inexpensive, non-toxic, biodegradable, water sol-
uble polymer that has hydrogel-like gelling properties. This allows us to make thicker
and more durable samples with reduced brittleness and increased sample lifetime. Its
numerous electron donor groups in the polymer chain help fabrication of high resolu-
tion silver structures and limit unnecessary growth which results in fewer defects in
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the matrix. We obtained sub-100nm silver features and fabricated more than 16 lay-
ers. The doped gelatin matrix is also stretchable up to 10 %, allowing the possibility
of flexible devices. Lastly, it has high transparency windows that correspond well to
potential applications in optical and THz metamaterial.
5.2.2.1 Structural characterization
Transmission optical microscopy images of a fabricated 3D silver pattern are shown
in Figure 5.11. Figure 5.11a and 5.11b show two representative in-situ images taken
from a 10-layer array of dots. Figure 5.11c shows a computer generated model to
illustrate the 3D pattern. The pattern contains alternating layers of silver dots ar-
ranged in square (Figure 5.11a) and pseudo-hexagonal arrays (Figure 5.11b). The 3D
pattern is fabricated by irradiating layers sequentially. Since the background matrix
is solid and provides mechanical support, it is possible to create silver structures that
are disconnected in the z-direction, as shown in Figure 5.11.
Figure 5.12 shows a scanning electron microscopy (SEM) image of an array of
silver dots with sub-100-nm size, which is smaller than any other previously reported
direct metal writing results. [63–65, 68, 144, 145, 156] We measure silver diameters as
small as 80 nm. Unlike previous reports showing silver nanoparticle aggregates with
high roughness, there are no readily visible domain separations in these nanostruc-
tures. [63–65, 68, 144, 145, 156] The dots are fabricated with an exposure of 79,000
pulses with 0.1 nJ per pulse at a stage translation speed of 10 µm/s.
Figure 5.13 shows an SEM image of a 100 nm fabricated dot (Figure 5.13a)
and its corresponding energy dispersion spectroscopy (EDS) map (Figure 5.13b) of
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Figure 5.11: In-situ optical images of interleaved (a) square and (b) pseudo-
hexagonal arrays of silver dots that alternate over the z-direction as part
of a 10-layered 3D pattern inside gelatin. The pitch between dots is 2 µm
in the x-direction, 2 µm in the y- direction and 4 µm in the z- direction.
(c) A computer generated image provides a schematic illustration of the 3D
pattern.
Figure 5.12: SEM image of an array of fabricated silver nanostructures.
There is some variability in the size, with the smallest structures being
sub-100nm in diameter. The inset shows a closeup view of a single silver
nanostructure.
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silver-element signal. We also show EDS spectra from the nanodot (Figure 5.13c) and
a directly adjacent area (Figure 5.13d). The spectra show a strong silver signal from
the dot compared to the neighboring volume. The signals next to the silver peak are
from the indium-tin-oxide layer on the substrate (under the silver dot). EDS data
indicates that fabricated dots are composed of silver. Furthermore the SEM image
shows a smoother structure compared to previous reports. [63–65, 68, 144, 145, 156]
The Ag signal from the spectrum is also significantly stronger than any previously
reported for silver direct laser writing. [63–65,68,144,156]
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Figure 5.13: (a) An SEM image and its corresponding (b) EDS map of
elemental silver for a 100-nm fabricated structure. The EDS map shows
strong silver signal from the nano-dot. The EDS spectra taken from (c) the
nanodot (d) and its neighboring area clearly indicate that the silver signal
stems from the fabricated nanostructure. The peaks next to the silver signal
are from a layer of indium tin oxide on the glass substrate to relieve charging
problems during SEM analysis.
The critical difference between the method described here and previously re-
ported femtosecond laser writing works arises from our choice of using gelatin as
85
Chapter 5: Direct laser writing of 3D metal structures in a polymer matrix
the background matrix [63–65, 68, 144, 145, 156]. The matrix both helps growth, and
mechanically supports silver nanostructures. Gelatin is comprised of high molecular
weight water-soluble long protein strands derived from collagen, which leads to large
amounts of C=O, -COOH and -NH2 polar groups. We hypothesize that a nonlinear
optical interactions between the carbonyl group and femtosecond pulses induces a
metal-ion photoreduction process, and the extra lone pairs in the polar groups (such
as -COOH and -NH2) restrain silver particle growth through strong affinity towards
Ag+ ions. We believe the large amount of lone pair groups with long chains of gelatin
compared to other polymers restrains silver growth more effectively during femtosec-
ond laser irradiation and allow us to fabricate 3D silver nanostructures with sub
100-nm resolution in a matrix with fewer defects.
Furthermore gelatin goes through a gelation process during the air-drying pro-
cedure where abundant oxygen and hydrogen in the long strands of protein form hy-
drogen bonds to create a tangled network. [154] Water can remain captured between
these hydrophilic strands, which allows gelatin to have hydro-gel like (or elastomer
like) behaviors. This increased viscosity allows us to make samples that are thick (over
200 µm) and stretchable. Measurements with a tensile testing device (Figure 5.14)
show approximately 10% stretchability). Tangential modulus3 was determined to
be roughly 0.2 GPa which also shows the softness when compared to other values
(steel: 207 GPa, Aluminum: 69 GPa, silver: 74 GPa, PMMA & PS: around 3 GPa,
Polyethylene: around 0.2 GPa) [157,158].
3 Young’s modulus (or modulus of elasticity) is the ratio of stress to strain in a material. Since
this is a polymer it doesn’t show totally elastic behavior and instead shows a slight non-linear stress-
strain curve. For a more complete characterization, techniques such as nanoindentation technique
should be used.
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Figure 5.14: Tensile load vs. extension plot of a 215-µm thick doped gelatin
matrix (left). Instron tensile testing equipment shown on right.
By carefully choosing the gel strength and optimizing its concentration, we
obtain gelatin films that exhibit durable (reduced brittleness and increased sample
lifetime) and stretchable behavior while being suitable for 3D silver growth during
femtosecond laser irradiation. Figure 5.15 below compares the brittleness of a doped
PVP matrix with the flexible gelatin matrix. The stetchability of the gelatin matrix
also opens the door for creating tunable optical devices.
a bPVP Gelatin
Figure 5.15: (a) A 13-µm doped PVP matrix on acetate film (for support)
showing brittleness. (b) A 230-µm doped gelatin matrix showing flexibility
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5.2.2.2 Optical characterization
Figure 5.16 shows a transmission spectrum of the doped gelatin matrix (unpatterned)
spanning a range of 0.2 µm to 1,500 µm. There are two high transparency windows
in the optical and THz regimes. This allows for the possibility of creating electro-
magnetic metamaterial devices for these regions.
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Figure 5.16: Transmission spectrum for an unpatterned silver-ion-doped
gelatin sample. The spectrum, obtained through measurements on multi-
ple instruments, spans the ultraviolet to terahertz wavelength range of the
electromagnetic spectrum (0.2-1,500 µm). The x-axis is plotted with a log-
scale. The spectrum shows two high transmission windows. The first window
is in the visible to near-IR range and the second window is in the terahertz
range. These windows indicate regions where electromagnetic devices could
be designed.
To find values of n and k for further theoretical studies to design metamaterials,
optical parameters of a 60-nm thick doped gelatin film were measured. Typical sample
thickness acquired from a drop-casting method is 200 µm. A spin coat speed higher
than 3000 rpm was used to make very thin films for analysis using an ellipsometer.
Figure 5.17 shows n vs. wavelength for our doped gelatin film. The values of refractive
index are higher than PVP due to the longer and denser polymer chain network in the
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gelatin matrix. Fitted k values were ∼0 showing low loss. No resonance is observed
around 420 nm suggesting negligible silver nanoparticle formation.
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Figure 5.17: Index of refraction (n) (left) and extinction coefficient (k) (right)
vs. wavelength plot of a doped gelatin matrix before laser irradiation, mea-
sure with an ellipsometer
Figure 5.18 compares refractive index values of various gelatin concentrations.
As one would expect, the half-concentration gelatin film (gelatin 0.4 g) had the lowest
refractive index. The doped gelatin matrix (ready for writing structures that includes
0.8 g of gelatin and 0.105 g of silver nitrate) had the highest refractive index possibly
due to initial atomic silver formation.
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Figure 5.18: n vs. wavelength for different concentrations of gelatin
The method presented in this section can easily produce many disconnected
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layers of metal patterns. We readily produce over 15 layers of structures using the
single-step writing process.
5.3 Applications
5.3.1 Diffraction gratings
As a first step to confirm that we can produce high quality silver structrures for
optical device applications we fabricated a 3D silver diffraction grating. Just like
in TEM electron diffraction where atoms act as scattering centers, the fabricated
silver dot structures in our structures act as scatter centers. Figure 5.19 shows the
diffraction pattern we acquired from a 10 layer BCC lattice tiled at 30◦ degrees with
a continuous 633-nm wave laser source. Laser power of 0.05 mW and an exposure of
30 seconds were used to produce the pattern. The number of diffraction spots and
their position match pretty well with our theoretical prediction using Ewald sphere
construction that meets the Laue diffraction condition.
θ=30o
20 µm
20 µm
20 µm
BCCa b
Figure 5.19: Diagram of a unit cell of a body-centered-cubic (BCC) diffrac-
tion grating (a) and its diffraction pattern (b). (Results soon to be published.
Moebius et al. (2014))
90
Chapter 5: Direct laser writing of 3D metal structures in a polymer matrix
5.3.2 Zone plates
A zone plate is a device composed of circular diffraction gratings that is used to focus
waves [159]. Since zone plates use diffraction phenomenon instead of refraction or
reflection, it can be used as an application for any wavelength and eliminate the need
of selecting an optimal transparent medium for each wavelength [160]. One zone plate
can be used to focus several wavelengths to different focal lengths, or different zone
plates can be used to vary focal lengths for a single wavelength.
In addition to fabricating zone plates for focusing optics, by utilizing our 3D
fabrication technology, we can create multi-layer optics comprised of two layers of
zone plates and a pinhole in the mid layer to create a device for collimating light
as in Figure 5.20. A pinhole is added to cut out the 2nd, 3rd (and so forth) order
diffractions.
zone plates
pin-holes
zone plates
Figure 5.20: Schematic illustration of a multi-layer zone plate application.
Figure 5.21 is a preliminary result of our single layer zone plates. Figure 5.21a
shows a 50-µm focal length (in air) single layer zone plate fabricated with our direct
laser writing method. Using the same setup as in Chapters 4 and 5, an average
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laser power of 4-20 mW was used with writing speed varying from 10 to 200 µm/s.
Figure 5.21b shows light getting focused when the stage was translated about 50 µm.
Figure 5.21c is a traditional e-beam lithography patterned zone plate and Figure 5.21d
shows the focused light (results to be published. Moebius et al. (2014)).
20 µm
a b
c d
Figure 5.21: A set of one-layer zone plates: (a) direct laser written zone
plates without illumination. (b) direct laser written zone plates with illumi-
nation showing focusing effect. (c) zone plates made with e-beam lithography
(without illumination), (d) zone plates made with e-beam lithography show-
ing focusing effect. (Results soon to be published. Moebius et al. (2014))
5.3.3 Other examples
With our fabrication method we can make connected and/or disconnected metal
structures in a dielectric matrix. To fabricate free-standing 3D structures, we would
just have to write the 3D structure at the interface of the substrate and the poly-
mer matrix and wash away the unexposed polymer layer with a solvent to leave the
free-standing structure behind. Both of these options give many possibilities to fabri-
cate various kinds of complicated structures for various device applications and even
an option to create truly isotropically functional 3D metamaterials that are inde-
92
Chapter 5: Direct laser writing of 3D metal structures in a polymer matrix
pendent of direction of propagation and polarization of the incident light. All the
metamaterials so far have been metasurfaces, which depend on the direction and the
polarization of the incident light. We can realize structures such as the one Guney
and his collaborators theoretically demonstrated [18]. Figure 5.22 is a schematic of
the studied structure and Figure 5.23 shows simulated values of effective refractive
index, permeability and permittivity.
Figure 5.22: Diagrams of a three-dimensionally isotropic optical NIM.
Adapted from reference [18].
Figure 5.23: Effective refractive index (left), µ (center), and ε (right) of the
fully isotropic optical negative index metamaterial from Figure 5.22. Adapted
from reference [18].
These designs were originally designed for a two-photon polymerization based
DLW processes combined with electroplating, which requires an overly complicated
connected structure. Our new method allows the freedom to create disconnected
and/or connected structures. Figure 5.24 is an example of a complex 3D pattern
we fabricated. The unit cell of this 3D structure is comprised of 6 silver rings with
diameter of 8 µm on each face of a cubic cell. Three layers were fabricated with 16 µm
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spacing between the layers. Center to center unit cell distance is also 16 µm. Each
layer consists of 16 (4 × 4) unit cells. Figure 5.24 (b), (c) and (d) are optical images
taken at each focal plane as indicated in (a). With further fine tuning of the writing
parameters, the silver agglomerates on each edge of the cubic cell can be removed.
This was due to two silver rings overlapping at each edge.
b
c
d
a b
c d
10 µm
Figure 5.24: Illustration and in-situ optical images of a direct laser written
complex 3D structure. (a) Illustration of a unit cell from a 4 × 4, 3 layer
3D structure. (b), (c) & (d) In-insitu images of the structure focused at b, c
and d planes, respectively. b,c and d positions are shown in illustration (a).
A video of a full image stack can be seen in reference [161].
5.4 Conclusion
We first demonstrate high-resolution 3D disconnected silver nanostructure fabrication
in a PVP matrix through multiphoton absorption of ultrashort laser pulses. This
chemistry allows fabrication of 300-nm silver structures and the PVP matrix has
potential use for optical devices that work in 1-2.5 µm and 3.5-5.5 µm ranges. The
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second chemistry method takes advantage of unique gelatin properties to yield higher
resolution (sub-100nm) 3D silver nanostructures in a flexible gelatin matrix. The
doped-gelatin matrix enables bulk 3D metal nanofabrication over large volumes (tens
of cubic millimeters in size). This method may enable the realization of tunable, bulk
metal-dielectric optical and THz metamaterial devices that were not feasible with
previous techniques.
Compared to other 3D fabrication techniques that yield metal nanostructures
[63–65,68,144,145,156], this process only requires readily available chemical reagents,
a simple experimental setup, and a single fabrication step. By using a higher-NA
objective and modifying the chemistry we expect it will be possible to further increase
the resolution and fabrication speed and to extend the method to other metals, such
as gold. The approach presented in this chapter may permit the creation of new
types of metamaterials and other photonic devices that cannot be made using current
fabrication techniques [18].
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Fabrication of 2D graphite
Graphene has recently emerged as one of the most versatile materials ever discovered
due to its extraordinary electronic, optical, thermal, and mechanical properties [33,
34]. However, device fabrication is a well-known challenge [33,34]. The conventional
techniques that were discussed in Chapter 2 have several limitations and therefore,
novel fabrication methods are required to realize large-scale integration of graphene-
based devices. Here, we demonstrate direct writing of reduced graphene oxide 2D
patterns using femtosecond-laser irradiation at 800 nm. We perform a systematic
study of the reduction process of graphene oxide to graphene by varying both the laser
fluence and the repetition rate. Our observations show that the reduction process has
both thermal and non-thermal components, and the reduced patterns written through
only non-thermal mechanism may produce higher quality structures. By using pulse
trains of low-kHz repetition (rep) late to limit thermal components we may be able to
achieve a high degree of flexibility and control in the fabrication of graphene layers.
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6.1 Materials & Method
Materials
170-nm layer graphene oxide (GO) films on 2-inch diameter glass substrate were
purchased from Graphene Laboratories Inc.. For 4-probe conductivity measurements,
gold contacts were patterned using optical lithography and deposited using Sharon
EE-3, and Denton EE-4 electron beam evaporators.
Laser fabrication
Two different lasers were used to test various laser parameters. A Femtosource
Ti:sapphire laser centered at 795 nm was used on a CW mode and on a pulsed mode
at 11-MHz repetition rate, with a pulse duration of 300 fs. A Coherent Ti:sapphire
laser centered at 794 nm was used for 80-MHz, 10-kHz and 250-KHz repetition rate
experiments, with pulses durations of 125-, 180- and 400-fs for the irradiation pro-
cess. Different laser spot sizes were tested using lenses with various focal lengths
and various objectives. To draw lines and patterns, a high-precision Aerotech 3-axis
translation stage was used to select the region to be exposed and was translated at
100 µm/s.
Characterization
Optical microscopy was carried out for post-fabrication characterization of structure
dimensions. Scanning electron microscopy (SEM) was performed using a Zeiss UL-
TRA microscope, with an in-lens detector. Atomic force microscopy (AFM) was
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done with Asylum-2 MFP-3D Coax AFM. X-ray photoelectron spectroscopy (XPS)
is surface spectrometry equipment that is used to determine elemental chemical com-
positions. Using Thermo Scientific K-Alpha XPS, the laser reduced GO samples were
compared with the un-treated control GO films to identify the concentration of the
remaining oxygen. To test the quality of the reduced GO structures, conductivity
measurements were made with Signatone S-1160 4-probe station.
6.2 Results & Discussion
6.2.1 Results
We utilize a simple method to determine the reduction threshold of graphene oxide.
We irradiate graphene oxide films with different laser parameters. Continuous wave
(CW) and a train of femtosecond pulses with varying pulse widths were tried. We ex-
pect the absorptive properties of the film to change as the film is reduced to graphite.
By monitoring the transmission of the laser beyond the sample, we observe changes
in transmission that indicate material modification. Figure 6.1 through Figure 6.10
show how transmission changes as different laser powers were tested with respect to
its total irradiated time. Two regimes are identified. In the first regime, transmission
decreases as a function of time elapsed indicating a modification in the material to
absorb more light. As the laser power increases the transmission saturates. At even
higher laser powers the transmission begins to increase again, indicating thinning of
the material. We use the term energy threshold for the laser power required for the
transmission plot to show a saturating behavior. After laser modification, the laser
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irradiated spots were observed using an optical microscope. Results from various laser
parameters are presented first and a more detailed discussion will follow.
CW laser irradiation
The laser spot size for CW laser irradiation was 35 µm in diameter. Figure 6.1 is
a plot of transmission vs. time at various laser powers. The left plot indicates the
fist regime where transmission decreases until saturation. The plot on the right is
the other regime where transmission starts increasing again. We observe the energy
threshold of the film to be around 90 mW. Figure 6.2 shows optical images of the
laser irradiated spot. The diameter of the laser modified area for a 100-mW irradiated
sample is about 50 µm, which is larger than the original laser spot size. This indicates
material modification due to thermal effects. At 90 mW, we start seeing darker regions
in the middle of the spots indicating formation of graphene layers.
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Figure 6.1: Transmission vs. time plots with a CW laser at various aver-
age powers. The left plot indicates the first regime prior to transmission
saturation and the right plot indicates the second regime.
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Figure 6.2: Optical images of CW laser irradiate spots at various laser powers.
76-MHz laser irradiation
For the 76MHz laser irradiation experiment, a pulse duration of 180 fs and a laser
spot size of 35 µm (in diameter) was used. Figure 6.3 is a plot of transmission vs.
time at various laser powers. We observe the energy threshold of the film to be around
60 mW. Figure 6.4 shows optical images of the laser irradiated spot. The diameter
of the laser modified area is about 40 µm, which is comparable to the original laser
spot size. Likewise, we start observing darker regions in the middle beginning at laser
powers of 60 mW.
250-kHz laser irradiation
Two different pulse durations were tested; one of 400 fs and the other at 125 fs. The
laser spot size used was 35 µm in diameter for both pulse durations. Figure 6.5 and
Figure 6.7 are plots of transmission vs. time at various laser powers for pulse durations
of 400 fs and 125 fs, respectively. We observe the energy threshold of the film to be
around 30 mW for 400-fs pulse durations and 15 mW for 125-fs pulse durations.
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Figure 6.3: Transmission vs. time plots with a 76-MHz laser at various
average powers. The left plot indicates the first regime prior to transmission
saturation and the right plot indicates the second regime.
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Figure 6.4: Optical images of 76-MHz laser irradiate spots at various laser
powers.
Figure 6.6 and Figure 6.8 show optical images of the laser irradiated spot for pulse
durations of 400 fs and 125 fs, respectively. The shape of the laser beam during these
experiments was not a perfect Gaussian and therefore the irradiated spots exhibit an
elliptical shape. The averaged diameter of the laser modified area is about 40 µm for
a 400-fs pulse duration and 35 µm for a 125-fs pulse duration. Likewise, darker areas
start appearing at laser powers corresponding to energy thresholds and can be seen
in the 60-mW and 10-mW optical images respectively.
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Figure 6.5: Transmission vs. time plots with a 250-kHz laser at various
average powers (pulse duration is 400 fs). The left plot indicates the first
regime prior to transmission saturation and the right plot indicates the second
regime.
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Figure 6.6: Optical images of 250-kHz laser irradiate spots at various laser
powers (pulse duration is 400 fs).
10-kHz laser irradiation
For a 10kHz experiment, a pulse duration of 180 fs and a laser spot size of 150 µm
in diameter was used. Figure 6.9 is a plot of transmission vs. time at various laser
powers. We observe the energy threshold of the film to be around 10 mW. Figure 6.10
shows optical images of the laser irradiated spot. The diameter of the laser modified
area is about 40 µm, which is close to a quarter of the original laser spot size. Likewise,
102
Chapter 6: Fabrication of 2D graphite
time (s)
Tr
an
sm
iss
io
n 
(%
)
80
70
60
50
40
0 10 20 30
2mW 10mW 20mW
80
70
60
50
40
30mW 40mW
time (s)
Tr
an
sm
iss
io
n 
(%
)
3020100
Figure 6.7: Transmission vs. time plots with a 250-kHz laser at various
average powers (pulse duration is 125 fs). The left plot indicates the first
regime prior to transmission saturation and the right plot indicates the second
regime.
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Figure 6.8: Optical images of 250-kHz laser irradiate spots at various laser
powers (pulse duration is 125 fs).
darker area starts appearing at 10 mW.
Atomic force microscope (AFM) was used to further probe the structural prop-
erties of the laser irradiated spots. Figure 6.11 is an AFM image and a surface height
plot of its cross-section across the middle area for a 76-MHz laser irradiated sample
at 90 mW. The laser irradiated area is thinner which may indicate the reduction of
GO layers into graphene sheets.
To determine whether reduced GO structures were successfully fabricated, we
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Figure 6.9: Transmission vs. time plots with a 10-kHz laser at various av-
erage powers. The left plot indicates the first regime prior to transmission
saturation and the right plot indicates the second regime.
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Figure 6.10: Optical images of 10-kHz laser irradiate spots at various laser
powers.
perform XPS measurements. Figure 6.12 show XPS results of a 140-mW CW laser
irradiate sample. The irradiated area was approximately 50-µm in diameter. The
theoretical resolution (spot size of X-ray) of our XPS was 40 µm. The actual X-
ray spot size is estimated to be larger. Therefore, we expect some signal from the
unirradiated GO area to be also mixed in with our experiment results. The decrease
in the C-O bonding peak for the reduced GO sample in the left plot of Figure 6.12
indicates that our laser fabrication technique was able to reduce the graphene oxide
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Figure 6.11: AFM results of a 76-MHz laser irradiate area. The top plot
is a height trace across the middle section and the bottom is a height map
(The diagonal line in the map is from an imaging software error. It does not
interfere with the AFM results.)
layer. It is likely that the C-O and the C=O bonding peaks are from the surrounding
unirradiated areas, due to equipment limitations as mentioned before. In addition,
we observe a peak shift in the C-C bonding signal to a lower energy. While in XPS
it is not easy to fit individual peaks for sp2 and sp3 arrangements respectively, the
sp2 configuration in general has a slightly lower binding energy than the sp3. The
shift seen in our result suggests that the laser fabricated reduced GO structure may
have a higher percentage of sp2 bonding which is a unique characteristic of a defect
free and pure graphene structure. The plot on the right is a magnified version of the
reduced GO peak.
Lastly, conductivity of these patterned 2D graphite structures was measured.
Rectangular gold contacts were e-beam evaporated onto the sample for a 4 point
probe measurement. Figure 6.13 is an SEM image with a 4 point probe schematic
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Figure 6.12: XPS results of a 140-mW CW laser irradiated sample. The left
plot compares un-irradiated control sample with the irradiated sample and
the right plot is a magnified view of the result.
on one of the graphite lines written at 10 µm/s. A rep rate of 10 kHz and a pulse
duration of 200 fs were used to write the line. Scratches on the gold contacts are
from the probes during the measurement. The laser spot size used was 5 µm and the
produced line widths were around 2 µm.
V
I
100 µm
Figure 6.13: SEM image with a 4-point probe schematic. Each gold contact
is 150 µm × 300 µm.
Figure 6.14 is an SEM image of one of the CW laser irradiated lines (shown
between two gold contacts). A line that was wider than 3 µm was produced with a
laser beam spot size of 1 µm.
Figure 6.15 is a plot of various resistances for direct laser written 2D lines.
Control is the resistance of an unaltered GO sample. For the CW experiment, a spot
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H = 3.750 um
Figure 6.14: SEM image with a direct laser written 2D graphite line with a
35-mW CW laser at 10 µm/s.
size of 1 µm and writing speed of 10-100 µm/s at 34mW were used which produced
2-4-µm wide lines. The 11-MHz experiment also had a spot size of 1 µm with a
writing speed of 100 µm at 32 mW and it resulted in 1-2-µm wide lines. For the
10-kHz experiment, a spot size of 5 µm and writing speeds 10-100 µm/s at 40 mW
were used to produce 1-2-µm wide lines. The lines fabricated with the 10-kHz laser
exhibit an increase in conductivity of 4 orders of magnitude when compared to the
un-irradiated control sample.
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Figure 6.15: Resistances of various direct laser written lines. (Y-axis is on a
log scale and x-axis lists the different types of lasers used.)
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6.2.2 Discussion
Table 6.1 is a summary of the spot-laser-irradiation experiment results with respect to
various laser parameters. We investigate the impact that laser pulse energy, repetition
rate and pulse duration has on the reduction of graphene oxide. Spot size refers to
the diameter of the initial laser spot size and sample size refers to the diameter of the
laser modified area. Threshold peak intensity refers to the calculated peak intensity
when the average laser power used equals the energy threshold values acquired from
the plots in the previous section.
Table 6.1: Summary of spot-laser-irradiation experiment with various laser
parameters.
Pulse
duration
Energy
threshold Spot size Sample size
Threshold peak
intensity
(fs) (mW) (d in µm) (d in µm) (W/m2)
CW - 90 35 50 -
80 MHz 180 60 35 45 4.33075E+12
250kHz
long pulse 400 30 35 40 3.11814E+14
250kHz
short pulse 125 15 35 35 4.98902E+14
10kHz 180 10 150 40 3.1438E+14
A few interesting observations can be made. First, the threshold peak intensity
increases as the rep rate gets lower and a magnitude of two orders difference in
the peak intensity is found when comparing a 80-MHz and a 250-kHz with 400-fs
pulse duration laser. This may indicate that CW and 80-MHz laser fabrications
are dominated mostly by a thermal mechanism and a 250-kHz laser fabrication may
involve both thermal and nonlinear components in the reduction of GO. Second,
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we notice that the affected area (sample size) is larger for a CW laser irradiated
sample and gets smaller as shorter pulses are used. This can be another indication
that using CW and low rep rate with long pulse duration lasers result in a thermal
accumulation in the sample leading to larger modified areas. The sample size for
a 10-kHz laser fabrication is approximately a quarter of the original laser spot size.
Considering the fact that the rep rate used is more than 10 times lower than a
250kHz laser experiment, this may suggest that the 10-kHz laser irradiated spots are
due to the purely nonlinear photoreduction mechanism rather than a mix of the two.
Using a 10kHz laser, we were also able to obtain lines with a higher resolution than
any other previously reported results1 [104–106, 162]. Furthermore our conductivity
measurements also indicate that the patterned graphite structures with a 10-kHz
laser has the best quality. The purely nonlinear photoreduction process may result
in a better resolution and minimum thermal degradation of the material. Lastly,
comparing the transmission vs. time plots from the previous section for various laser
parameters, we notice that it takes a longer time for a transmission plot to reach
saturation for lower rep rates. By having a slower and more steady initial reaction
rate, this may allow for a either more efficient or more controlled initial reduction
process during an actual, scaled-up device manufacturing procedure.
1The highest resolution was achieved with respect to the laser beam spot size used. With a 5 µm
beam, we obtained line widths of 1-2 µm.
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6.3 Conclusion
In summary, we investigate the reduction of graphene oxide using femtosecond laser
irradiation. We demonstrate direct laser writing of reduced graphene oxide structures
and explore the reduction process using various repetition rates from a continuous
wave laser to lasers with rep rates in the kHz regime. By comparing energy thresholds
required for graphene oxide modification and the resolution of the structures, we
can decouple thermal versus non-thermal reduction. Graphene formation through
nonlinear process may give more control over resolution and quality of the reduced
graphene oxide structures. This study provides us with new insight into the reduction
process and facilitates the optimization of laser writing of graphene structures.
It has only been about 10 years since the original discovery of graphene [32,88].
Finding reliable fabrication methods and discovering the true chemical structure of
graphene oxide and many other graphene derivatives is still an ongoing challenge [83].
More research needs to be done in various aspects, from fundamental structural and
chemical studies to effective fabrication methods. Through further research, we expect
the production of cheap GO films coupled with a low rep rate laser lithography may
offer a preferred route to generating large-scale graphene integrated devices for the
future.
110
Chapter 7
Summary & Future directions
We investigate a novel methodology of direct laser writing metal-dielectric systems
and 2D graphite systems. We use the technique of ultrafast laser micromachining
combined with photoreduction to: 1) gain access to inside the bulk with precise
architectural control with nanometer resolution, and 2) induce chemical reactions
to create metal and graphene structures. To conclude, this chapter summarizes the
findings in this thesis and provides future research directions.
7.1 Summary
In Chapter 3, we discuss various laser and chemical parameters that affect the direct
laser writing process and offer insight toward designing more complex metal-dielectric
composite systems and producing higher quality graphene structures. We identify
that the use of alcohols as solvents can provide catalytic pathways to faster reduc-
tion of silver ions. A careful choice of polymers is made to provide a transparent
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supporting matrix and provide effective control of silver growth. We hypothesize a
possible photoreduction mechanism from C=O bonds in graphene oxide and suggest
an effective fabrication method through decoupling thermal and non-thermal effects.
In Chapters 4 and 5, we present experimental methods and the resulting
structures of 2D patterned silver crystals and embedded 3D silver nanostructures.
We use a chemical mixture of silver nitrate, ethanol, deionized water, and PVP to
initiate growth of silver seed nanoparticles for direct laser writing of silver crystals.
We omit ethanol when fabricating 3D silver nanostructures that are embedded in
a polymer matrix. By removing ethanol from the mixture we get rid of the need
to dissolve the polymer layer and let it serve the role as a supporting matrix. To
fabricate higher resolution structures, we use gelatin instead of PVP to provide more
effective control in the growth of silver structures leading to a longer shelf life of the
matrix. Gelatin also allows for a streachable matrix that can be used for tunable
device applications.
Figure 7.1 compares values of n and k for various chemistries used in Chapters
4 and 5. We observe a decrease in the k values as we omit the polymer and change
the polymer from PVP to gelatin. Also a color difference in the doped matrix (due
to silver nanoparticles) can be seen in Figure 7.2.
We confirm the silver content and analyze the fabricated structures by using
various techniques such as SEM, EDS, EBSD and TEM. We conduct optical char-
acterization studies to identify the transparent (low loss) window for each chemistry
method. By choosing the appropriate chemistry, one can fabricate a metamaterial
device for a vis-near IR, mid IR, or THz regime. Lastly, preliminary results in appli-
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Figure 7.1: Summary plots of n and k. Features around 420 nm are from
silver nanoparticles.
PVP matrix Gelatin matrixa b
Figure 7.2: Images of samples ready for laser fabrication. (a) doped PVP
matrix (brown color is due to silver nanoparticles), (b) doped gelatin matrix.
(Yellowish tint is from the natural color of bovine gelatin)
cations such as 3D diffraction grating and zone plates are presented.
In Chapter 6, we show direct laser writing of 2D graphite (multi-layer graphene)
structures. We control the thermal vs. non-thermal reduction mechanism by varying
the laser repetition rate, pulse duration, and laser fluence. We confirm successful
reduction of graphene oxide to graphene layers through optical images, XPS, and
conductivity measurements. We conclude that higher resolution and lower resistivity
graphite structures can be obtained through the use of lower repetition rate laser
parameters.
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7.2 Future directions
7.2.1 Chemical studies
3D metallic structures in a dielectric matrix
Our fabrication technique to write metal structures embedded in a polymer matrix
provides us with a freedom to choose different types of polymers and modify its
composition. Responsive polymers that change their characteristics (whether optical,
electrical, and/or mechanical) depending on the ambient environment may allow us
to fabricate tunable metamaterials with various functionalities.
One polymer for further investigation is poly acrylic acid (PAA). PAA is an
anionic polyelectolyte polymer that is sensitive to pH with the ability to absorb and
retain water and swell to many times its original volume [163–165]. By incorporating
PAA we may be able to achieve tunable matrices that respond to different humidity
levels. Figure 7.3 shows our preliminary results of direct laser writing in a PAA
sample doped with silver ions. A mixture of 0.206 g of PAA, 8mL of DI H2O and 0.21
g of AgNO3 was tested. The same method and laser setup was used as in Chapters 4
and 5. (A schematic of the laser setup is shown in Chapter 4. The laser power was
unstable during this experiment, and the concentrations have not been optimized,
but preliminary results show the possibility of direct laser writing silver structures
using PAA.) Figure 7.3(a) is an in-situ optical image of a laser patterned area. Some
bubbles in the matrix are seen due to the un-optimized chemistry. Figure 7.3(b) and
(c) are SEM images of the written silver dots and (d) is an EDS result from a line-scan
of the dotted line in Figure (c). The line EDS result confirms a high content of silver
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in the fabricated dot structures.
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Figure 7.3: Preliminary results of PAA. (a) An in-situ optical image of the
laser patterned area, (b) & (c) SEM images of the written silver dots, (d) An
EDS result of a line-scan from the dotted line in figure (c).
Transmission measurement in Figure 7.4 shows effective control of initial silver
nanoparticle growth and a good transmission window from 300 nm to 2.5 µm.
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Figure 7.4: Transmission vs. wavelength of doped PAA matrix
In Chapter 3 we establish that the length of the polymer chain and the con-
tent of electron affinity groups are crucial to providing better control in the growth
of silver structures. (This is one of the reasons why we utilize gelatin instead of
115
Chapter 7: Summary & Future directions
PVP to fabricate higher resolution structures.) However, in addition to looking into
high molecular weight polymers with longer chains, consideration of steric effects and
packing of polymer chains may also be very important. Figure 7.5 shows images of
doped PVP matrices ready for fabrication. Figure 7.5(a) was made with a 58,000 g
molecular weight (M.W.) PVP (as in the method described in Chapters 4 and 5) and
(b) was made with a 360,000 g M.W. PVP that has more than 6 times longer chains
than the 58K M.W. PVP. As seen in the color difference in Figure 7.5, it supports
our hypothesis that longer chains restrain growth of silver particles more effectively.
However, the 360K PVP sample shows some crystallizing effects. When we raise the
sample temperature to 150 ◦C, we observe an increase in transmittance as in Fig-
ure 7.6. Polymer orientation is an important problem in many polymer applications
because it can change the optical and mechanical properties of the film [166, 167].
We suspect that by increasing the temperature to 150 ◦C, we bring the polymer sam-
ple beyond its glass transition temperature allowing it to be more transparent and
fluid-like which results in free ion-movement leading to formation of silver nanopar-
ticles. When we bring the temperature down to room temperature, we observe that
our sample has turned into a metallic-looking film due to complete reduction of the
silver ions and shows extremely low transmission. (Gelatin on the other hand has a
broad molecular weight and has varying lengths of polymer chains from hydrolysis of
collagen.)
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Figure 7.5: Images of doped polymer matrices ready for fabrication. Made
with: (a) 58K g M.W. PVP and (b) 360K g M.W. PVP
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Figure 7.6: Transmission vs. wavelength plot of doped 360K g M.W. PVP
matrix at various temperatures. Temperature was raised to 200 ◦C then was
lowered back to room temperature (RT).
2D graphite fabrication
In Chapter 6 we conduct our experiment with a 170-nm graphene oxide film. If the
thickness of one layer of graphene oxide is ∼10 A˚ [82,126], then our 170-nm graphene
oxide film is comprised of ∼170 layers. To produce one or a bi-layer graphene instead
of 2D graphite, we can start with thinner graphene oxides films as our beginning ma-
terial. More analysis and characterization need to be carried out with cross-sectional
area studies of the sample to acquire more information.
Furthermore, since the exact structure and reduction mechanism of graphene
oxide remains unknown, there is a countless number of possible experiments that
can be done. Many experiments are being conducted which try various ways to pro-
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duce higher quality graphene layers. One example is where titanium dioxide (TiO2)
nanoparticles are added to graphene oxide as an additional photocatalyst to aid the
reduction process [83, 103]. Other interesting approaches include integrating addi-
tional metal nanowires to graphene films to improve electrical conductivity [94].
7.2.2 Fabrication & Characterization of devices
We expect that the flexibility and patternability of our technique will enable fabrica-
tion of complex 3D photonic structures such as a perfect lens, waveguides, resonators,
gratings, and photonic crystals. Also with further optimization of the graphene ox-
ide reduction process, our method may enable direct patterning of pristine graphene
structures for applications such as graphene transistors, integrated circuits, energy
storage, and solar cells.
Development of functional metamaterials
Further fine tuning of the technique will allow fabrication of higher resolution struc-
tures and 3D isotropic metamaterials (as theoretically demonstrated by Guney [18]).
Unlike previous direct laser writing techniques where connectivity between neighbor-
ing unit cells is inevitable, our technique does not require a inter-connected design,
which gives more freedom in designing various metamaterials. Laser beam engineer-
ing (as mentioned in Chapter 3) may also facilitate the fabrication of more complex
structures.
We expect the production of cheap GO films coupled with laser lithography
may offer a preferred route to generating very large-scale graphene integrated devices
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in the future. Compared to the previous conventional methods where production of
random strips of graphene or only a large 2D sheet of graphene was possible, our
technique allows precise patterning of graphene layers. With our technique, we may
be able to produce 2D graphene metamaterials or graphene circuits in the future.
Our fabrication techniques can also be applied to other material system, in ad-
dition to metal and graphene structures. Materials that go through a photoreduction
process and can be used in future devices may be worth investigating. We believe
that, in the near future, we will be able to tune and design the optical and electronic
response of materials through ultrafast laser direct writing.
Material characterization
For the development of three dimensional dispersion-engineered metamaterials, meth-
ods of optical characterization are also cruicial. A characterization system that in-
cludes the capability to measure transmission and reflection amplitudes as well as
phases as a function of angle of incidence and position on the sample will be nec-
essary for a thorough analysis. Several systems may need to be developed in order
to operate at various ranges of wavelengths. (Our PVP matrix allows devices in the
near-IR and mid-IR wavelengths and the gelatin matrix allows near-IR and THz de-
vices.) Advanced variable angle spectroscopic ellipsometers can be used or home-built
systems may be necessary. Once the optical characterizations are made, numerical
techniques can be applied to extract the effective permittivity and permeability of
the fabricated sample, or the experimental values can be compared with the theoret-
ical values obtained from FDTD simulations. The latter comparison will also allow
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us to characterize properties of the fabrication process such as precision, accuracy,
structure roughness, and reliability of the fabrication method.
Scalability & Device packaging
Femtosecond-laser patterning is a desirable method to design and fabricate innovative
materials because of its potential as a cheap, reliable, and scalable technique. As
mentioned in Section 3.1.1, with SLMs and pulse shaping techniques we can obtain a
multiple complex beam profile to generate many structures simultaneously at a faster
speed. One typical fabricated 2D array of dots had an average size of 468 nm with
a standard deviation of 63.9 nm. Through the use of pulse shaping techniques, more
stable laser systems and adaptive optics with feedback loops, we can achieve a higher
uniformity in the structures. Micro-lens arrays may also be incorporated to scale up
the process. For fabrication of commercializable devices, we should also consider the
next steps after laser-fabrication. Gelatin matrix and unpatterned graphene oxide
have hygroscopic properties and therefore, would require water-proof packaging. To
use the PVP matrix for mid-IR applications, a robust substrate will be needed due
to its brittleness. Also UV-coatings will be necessary to prevent photoreduction of
unreacted silver ions in the matrix. In the future, we hope our method can help move
research from the lab to producing innovative commercial products.
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Z-scan technique
To gain a further understanding of the nonlinear absorption mechanism that occurs
during the fabrication process, we can perform a Z-scan analysis on our sample. A
Z-scan technique (also known as nonlinear transmittance measurements) is a sim-
ple experimental method to measure nonlinear absorption processes (specifically the
nonlinear index n2 and the nonlinear absorption coefficient α) and unlike other non-
linear absorption measurement methods, it is not restricted to fluorescent materi-
als. [168,169]. Figure A.1 is a schematic of our open aperture Z-scan setup.
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Figure A.1: Schematic of an open-aperture Z-scan technique.
We use an open aperture Z-scan method where a normalized transmittance in
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the far field is measured as our sample is scanned in the Z-axis through the focal
plane of a focused Gaussian beam. Since nonlinear absorption is strongest at the
focus, a sharp dip occurs when transmission is plotted as a function of distance.
By comparing the obtained plot with theoretically fitted curves of two-, three- or
four-photon absorption, we can determine the nonlinear absorption properties of our
sample [168]. The theoretically fitted transmission vs. distance plots are shown in
Figure A.2. (Refer to reference [168] for the theoretical model.)
D.Correa et al., Opt. Commun. 277, 440 (2007) 
Figure A.2: Z-scan curves for 2, 3, 4 and 5-photon-absorptoin obtained with
theoretical nonlinear absorption equations. Adapted from reference [168].
As a first step to verify whether PVP undergoes a nonlinear absorption process
(i.e, whether PVP has a large nonlinear absorption cross-section), we perform simple
absorption and threshold measurements while maintaining the samples at the focal
point on the Z-axis. We measure power out (behind the sample) as we increase the
laser input power. We prepare the sample by dissolving 0.206 g of polyvinylpyrroli-
done (PVP) in 8 mL of DI water. Figure A.3 shows power out vs. power in plots of
the PVP sample measured with two different laser parameters.
A 800-nm laser with pulse durations of 1 ps (low peak intensity) and 60 fs
(high peak intensity) were tested on the PVP solution. The average laser power was
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Figure A.3: Pout vs. Pin plots for 800-nm pulsed laser with 1-ps pulse dura-
tion (left) and 60-fs pulse duration (right).
slowly increased (pink trace) and then lowered back to zero (black dashed trace). We
observe no change in the transmittance (power out/power in) at any laser power for
the sample irradiated with 1-ps pulses (low peak intensity). However, we observe a
drop in transmittance once the laser power reaches ∼40 mw for the sample irradiated
with 60-fs pulses (high peak intensity). Since multiphoton absorption occurs in a
volume surrounding the intensity peak above the threshold for nonlinear absorption
(as discussed in chapter 3), we can establish that PVP goes through a multiphoton
absorption process instead of a linear absorption process. In chapter 3, we also confirm
the many linear absorption peaks of PVP around and below 266 nm. Therefore we
expect this mechanism to be a 3-photon or a 4-photon absorption process.
For the z-scan measurement, the laser power and pulse duration is fixed but the
sample is translated in the z-direction. Figure A.4 shows a preliminary z-scan result
for the PVP solution. We observe a dip in the transmittance as expected, however
the signal to noise ratio was low and would require multiple measurements to confirm
the result.
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Figure A.4: Preliminary Z-scan absorption plot of PVP in DI water.
Although these are preliminary results, our threshold measurements and the Z-
scan plot seem to confirm the existence of multi-photon absorption in PVP solutions.
For more detailed analysis, future work will involve obtaining more Z-scan measure-
ments using a flow cell configuration (to omit possibility of material degradation) and
using a shorter wavelength pulsed laser to induce a 2-photon absorption instead of 3-
or 4-photons to increase signal-to-noise ratio. We expect that a deeper understanding
of the fabrication mechanism can be acquired with a thorough Z-scan analysis.
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